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Ordered mesoporous silicates as matrices
for controlled release of drugs
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cases from the literature, the power of such systems as
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According to the International Union of Pure and Applied Chemistry (IUPAC), po-
rous materials are classified into three categories: microporous with pore diameters less
than 2 nm, mesoporous having pore diameters between 2 and 50 nm, and macroporous
with pore sizes larger than 50 nm. Highly ordered mesoporous silicates such as MCM
(Mobil Composition of Matter No. 41, 48,...) and SBA (Santa Barbara Amorphous mate-
rial No. 1, 3, 15,...) have been long recognized as very promising materials with a rich
variety of possible applications (1). The various types of MCM and SBA silicates can be
distinguished by the number after the acronym. The three most important MCM materi-
als are: MCM-41 (hexagonal), MCM-48 (cubic) and MCM-50 (lamellar). Also a wide vari-
ety of SBA materials has been prepared, such as SBA-1 (cubic), SBA-11 (cubic), SBA-12
(3D hexagonal network), SBA-14 (lamellar), SBA-15 (2D hexagonal) and SBA-16 (cubic
cage-structured). They show ordered arrangements of channels and cavities of different
geometry confined between walls built up from SiO, units. Among all numerous appli-
cations of mesoporous materials, ranging from separation technology, catalysis, hydrogen
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storage to wastewater treatment, it was recently shown that they are also very useful as
drug delivery devices (2, 3) and as bioceramics in bone tissue regeneration (4). The po-
rous network can serve as a reservoir for the accommodation of drug molecules due to
its uniform pore size and highly ordered nanochannels. Taking into account the afore-
mentioned properties, we may focus on mesoporous silicates, because they additionally
have a high specific surface, high concentration of surface silanol groups, tunable pore
size and mesopore volume. The presence of surface silanol groups enables chemical fun-
ctionalization with different organic molecules and thereby a route to the diffusion con-
trolled drug release under specific conditions. For instance, we can functionalize the sur-
face with molecules that are pH- or temperature sensitive, sensitive to the presence of a
magnetic field or UV light (5, 6). Selective release of drugs (more specifically, release re-
sponsive to certain stimuli) is very useful for drugs with non-specific side effects and
drugs which have to be delivered to a specific site, like for instance antibiotics and anti-
-cancer drugs (7, 8). Since the number of poorly soluble drug candidates has risen shar-
ply over the last two decades, enhancement of drug dissolution became an important
task as well. It was demonstrated that mesoporous materials represent a great potential
to overcome this problem (9-11). Herein we will describe mesoporous materials, specifi-
cally silicates, such as MCM-41 and SBA-15 (1-3). According to literature, these materials
are also biodegradable and biocompatible (12-14).

They are synthesized by a sol-gel process and subsequent hydrothermal treatment
(1). In general, mesoporous materials are formed from supramolecular assemblies of
surfactants, which serve as a template for the inorganic component (silica) during syn-
thesis. After the synthesis and hydrothermal treatment, the surfactant is removed, com-
monly by calcination or extraction with an appropriated solvent, to obtain hollow pores.
A large variety of mesoporous materials with different mesostructures have been syn-
thesized (two-dimensional hexagonal, three-dimensional hexagonal, three-dimensional
cubic and bicontinuous cubic). The most studied materials are two-dimensionally meso-
structured MCM-41 and SBA-15, with hexagonal symmetry. Characterization of the struc-
ture of mesoporous silicates is essential for understanding and predicting their macro-
scopic physical and chemical properties (15). In particular, the connectivity of the chan-
nels and the pore diameter determine their host-guest capacity. The architecture of the
pores can be tailored by an appropriate choice of reagents and synthesis parameters. The
porous structure and pore diameter can be determined and confirmed by small angle
single-crystal X-ray diffraction, N, adsorption-desorption measurements and by high-re-
solution transmission electron microscopy.

In the present article, we will present some examples of mesoporous silicates as drug
delivery devices given in the literature and discuss the biocompatibility, biodegradabi-
lity and toxicity of these systems. We will describe how the release profile can be modi-
fied after incorporating drugs into ordered as-synthesized and also functionalized me-
soporous matrices.

CONTROLLED DRUG RELEASE FROM ORDERED MESOPOROUS MATRICES

A variety of studies on drug release from different mesoporous matrices in recent
literature can be found. Development of mesoporous matrices is not limited to pharma-
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ceutical applications (16-19). A variety of studies on the use of porous silicates (silica
glasses) as drug delivery devices were reported almost 30 years ago (20-22). However,
these silicate glasses have disordered pore networks, and their structure, morphology,
surface area, pore size and volume are not adjustable as is the case of ordered meso-
porous silicates. Currently, the commonly accepted opinion is that the release of drugs
from mesoporous silicates depends on the pore architecture (23) and pore diameter (24),
specific drug-silicate pore wall interactions (25) and the physical state of the incorpo-
rated drug (11). Drug release is generally controlled by diffusion because the silica ma-
trix remains unchanged during drug release and so the release kinetics can be described
with Fick’s laws. However, when the interactions between drug molecules and the silica
wall are stronger or/and specific, the release is no longer controlled by diffusion but ra-
ther by the stability of the complex between functional groups on the pore wall and fun-
ctional groups of the drug. This type of regulation is common for drug release from functio-
nalized mesoporous silicates, which will be presented in the last paragraph. Although
there are many studies of mesoporous silicates as drug-delivery systems, there are still
many open questions associated with the drug release mechanisms either from non-func-
tionalized (26) or functionalized frameworks (27, 28). In the literature there are only a
few studies of the actual physical state of drugs confined in mesoscopic dimensions, which
are mostly limited to very specific examples (26, 29), whereas general knowledge about
the physical form of the drug incorporated into mesopores and about the mechanism of
drug release and its relation to structural properties of the mesoporous framework are
still missing. One can even find examples where the release studies of structurally very
similar molecules from equivalent mesoporous carriers lead to equal drug-release pro-
files, which are explained by entirely different or even opposing mechanisms (11, 26).
The model most commonly used to describe the kinetics of drug release is the Korsme-
yer-Peppas (power law) model (30), which is successfully fitted to experimental results
but does not give any information about the underlying mechanism of drug release.

Biocompatibility, biodegradability and toxicity

Biocompatibility and biodegradability are the fundamental requirements for a drug
delivery system. In the case of oral intake, drug delivery systems become exposed to the
physiological environment that requires non-toxicity. The biological response to these
materials has not been well established yet. Several studies have reported that silicates
are biocompatible, which means that they have the ability to interact with physiological
substances without provoking unwanted responses and that they degrade in the body
after a certain time period (12-14, 31, 32). However, we have to keep in mind that the
biocompatibility and toxicity of a material depends on several parameters concerning
the site of delivery, the shape and size of the material, as well as its surface chemistry.
All the aforementioned facts have to be taken in consideration for each delivery system.
In contact with body fluids, silicate drug-carriers (5iO,), including ordered mesoporous
silicates, slowly degrade to orthosilicic acid [Si(OH),], which enters the blood or lym-
phatic system and is excreted through the kidneys (33). Orthosilicic acid is the most nat-
ural form of Si and is also its only form that can be easily absorbed. Orthosilicic acid is,
however, cytotoxic in high concentrations, but apparently the removal of Si(OH), from
the body is sufficiently fast not to induce toxic effects (34). For example, Ahola and co-
-workers studied the in vitro release of heparin from silica xerogels. Degradation of silica
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xerogels was evaluated by in vitro tests during heparin release. The dissolution test was
performed in simulated body fluid (SBF). Determination of silica degradation was eval-
uated by measuring the concentration of Si(OH), as a molybdenum blue complex by a
UV-spectrophotometer. The tests showed that silica xerogel matrix is degradable in SBF
(35). In vitro cytotoxicity studies suggest that these materials exhibit low toxicity at low
concentrations (36-41) but the toxicity appears to increase at higher concentrations (39).
Small amounts of SBA and MCM mesoporous particles have shown little toxicity in in
vivo studies (39, 42). A good knowledge of the chemistry of mesoporous silicates and
their behavior in the human body as well as toxicity tests are an essential requirement
for any biomedical applications of these materials.

Non-functionalized SBA-15 matrix

In the past, mesoporous materials were employed as matrices for sustained drug re-
lease. As mentioned before, the release of the drug is usually controlled by diffusion and
so the release profile can be easily modified by changing the material properties such as,
for example, pore diameter (23, 25, 43). In the case of hydrophobic and poorly water
soluble itraconazole, the authors found that the release of the drug from the ordered me-
soporous SBA-15 silica matrix was enhanced compared to the dissolution of crystalline
itraconazole itself (26). They synthesized four different SBA-15 silicates with pore diam-
eters ranging from 4.5 to 9.0 nm and pore volume varying from 0.42 to 0.80 cm3 g1
Drug incorporation into SBA-15 was performed by means of impregnation with solu-
tions of increasing concentrations, where methylene chloride was used as a loading sol-
vent. The physical state of incorporated drug molecules was investigated using differen-
tial scanning calorimetry (DSC). The physical state of confined itraconazole (glassy, crys-
talline or molecular dispersion) can be determined by comparing its thermal behavior
with the behavior of bulk itraconazole. Namely, crystalline itraconazole melts at 168 °C
and its glassy phase is characterized by three endothermic transitions (one at 60 °C due
to glass transition and two endothermic transitions due to its liquid-crystalline nature at
75 and 90 °C). The DSC curves of the samples with a loading of 24.6 % or less showed no
bulk phase transitions. Based on these findings, the authors concluded that itraconazole
is molecularly dispersed in the SBA-15 matrix. According to the specific surface area
(which was measured by nitrogen sorption) and the surface of one itraconazole mole-
cule, they estimated the maximum capacity of the matrix (of the SBA-15 sample) to form
a monolayer. In the case of itraconazole and SBA-15 matrix with BET surface area of 662 m?2,
they calculated the monolayer capacity of 22.9 %. This estimated value is close to the
value of maximum loading where no bulk thermal events were observed in the DSC cur-
ves of confined itraconazole, thus indicating molecular dispersion.

The in vitro release performance of itraconazole incorporated in SBA-15 with a pore
diameter of 7.9 nm and different loading amounts was assessed in simulated gastric
fluid. All release experiments showed good reproducibility. Upon increasing the loading
up to 31.2 % (which was assumed to be optimum loading), the release rate was enhan-
ced. However, further increase beyond the optimum loading led to a slight decrease in
the release rate, which was still faster than the dissolution of crystalline itraconazole.
This decrease in the drug release rate beyond optimum loading was explained by the
formation of crystalline or amorphous forms of itraconazole. Enhanced release kinetics
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Fig. 1. Schematic representation of the desorption mechanism.

of SBA-15 samples with loadings below the optimal value were explained in terms of
displacement desorption of itraconazole by the influx of water (Fig. 1). Interactions of
hydrophobic itraconazole with the hydrophilic surface of SBA-15 are weaker than the in-
teractions of water with silica walls. This is the reason why itraconazole molecules effec-
tively desorbed from the surface by competitive adsorption with water molecules. At
loadings higher than the optimum value where the monolayer capacity is exceeded, the
release is controlled no longer by displacement desorption (no monolayer) but by the
dissolution of crystalline or amorphous itraconazole in the pores. After comparing SBA-
-15 with organic polymer based solid dispersions, we found that SBA-15 behaves differ-
ently. It is well known for organic polymer based solid dispersions that the dissolution
rate decreases with increasing drug-to-polymer ratio while SBA-15 materials as carriers
enable fast in vitro release kinetics even at high drug loadings.

Based on the results, the authors concluded that the release or dissolution of the
poorly water soluble drug itraconazole could be enhanced by avoiding the breaking up
of intermolecular interactions in the crystal structure. This may be accomplished by dis-
persing single drug molecules onto the walls of the SBA-15 matrix. Even when the mo-
nolayer capacity was exceeded, the release was still higher than the dissolution of the
crystalline form because of the existence of nanoparticles inside the pores, whether crys-
talline or amorphous. General dissolution-enhancing effects upon the incorporation into
ordered mesoporous silicate SBA-15 were demonstrated using a series of compounds with
a high degree of physicochemical diversity encapsulated in (carbamazepine, diazepam,
griseofulvin, indomethacin, nifedipine) (11).

Functionalized SBA-15 and MCM-41 matrices

Due to a high concentration of silanol groups on the pore wall surfaces, ordered me-
soporous silicates can be functionalized with various organic molecules in order to gain
better control over drug loading, site-selective delivery and release kinetics. In recent years,
several research groups focused on functionalization of SBA-15 and MCM-41 matrices to
be used as stimuli-responsive drug delivery devices.

pH-responsive controlled drug release. — One of the current research groups, Bernardos
and co-workers, functionalized MCM-41 with amine-bearing gate-like scaffoldings to ob-
tain a pH and anion-controlled delivery system (44). They incorporated vitamin B; as a
model substance. These nano-supramolecular gate-like assemblies were built up by an-
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choring suitable polyamines on the external surface of the silicate (Fig. 2). Drug delivery
studies were carried out at pH 2 and 7 in water as a release medium to prove the pH
controlled delivery and in the presence of certain anions [sulfate, phosphate, guanosine-
-5’-monophosphate (GMP) and adenosine-5'-triphosphate (ATP)]. The results showed that
at pH 2 all anions strongly hindered vitamin release, whereas at pH 7 the release was
observed for sulfate and GMP and remained closed in the presence of phosphate and
ATP. At neutral pH in the presence of certain anions and at acidic pH, gate-like scaffol-
dings of polyamines are capable of being completely closed, which the authors explai-
ned in terms of an anion-polyamine complex (Figs. 2a and 2b). They have demonstrated
that by choosing a suitable anion, it possible to control the delivery of drugs at neutral
pH and completely inhibit its liberation in acidic conditions. The pH-controlled delivery
systems have the potential to deliver and protect drugs from acidic conditions present in
the stomach (in case the drug is not stable at lower pH) upon oral application, allowing
delivery under higher pH conditions present in the intestine.

vitamin B, gate-like scaffold O O

polyamines % O :
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T "
a / \

presence of o) _@

specli!’ic anions: ] E
o | O
S !
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Fig. 2. Synthetic procedure of the system and the gate closing mechanism: a) in the presence of cer-
tain anions, b) in the presence of protons.

Another successful example of a pH-controlled carrier system based on mesoporous
silicates has been reported by Yang and co-workers (5). They designed a pH-responsive
system in which polycations (poly-(dimethyldiallylammonium chloride) = PDDA) are
grafted to anionic, carboxylic acid functionalized SBA-15 by ionic interactions (Fig. 3).
The PDDA act as closed gates for storage of drugs within the pores. At a lower pH, car-
boxylic acid groups are protonated (-COO~ + H* — -COOH) and consequently polyca-
tions (PDDA) are detached from the surface of functionalized SBA-15, leading to open-
ing of the gate and release of the drug from the pores. They investigated the drug release
of this pH-responsive system loaded with vancomycin as a model drug in water at dif-
ferent pH values (pH 2, pH 4.5 and pH 6.5). At pH 2, the release rate was very fast be-
cause in this case there was no negative charge, all carboxylic acid groups were protona-
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Fig. 3. Schematic representation of a pH-responsive storage-release drug delivery system.

ted and thus positively charged PDDA would separate from the neutral SBA-15 surface
allowing drug release. In contrast, at pH 6.5, the release was drastically lower and re-
mained essentially constant, which suggests that the gates remained closed as a result of
a strong interaction between ionized carboxylic acid groups (-COO") and the positive
groups of PDDA. At pH 4.5, they observed a stepwise increasing release that might be
helpful for maintaining drug concentration. They demonstrated that the release of the
model drug vancomycin from this system is strongly pH dependent. It could be applica-
ble for selective drug release under lower pH conditions present in the stomach or for
drugs sensitive to basic conditions.

Chemically-responsive controlled drug release (addition of reducing agents). — Lai and co-
-workers (45) prepared mesoporous silica nanospheres (MSNs), a type of MCM-41. First,
they functionalized MSNs, with an average particle size of 200 nm and an average pore
diameter of 2.3 nm, with a disulfide amine molecule [2-(propyldisulfanyl)ethylamine]
which acts as a linker to obtain a MSN system that is sensitive to the presence of a reduc-
ing agent. After synthesis, the linker functionalized MSNs (linker-MSN) were loaded with
different model drugs [one of them was adenosine triphosphate (ATP)] and the meso-
pores were covalently capped with mercaptoacetic acid-functionalized 2 nm diameter cad-
mium sulfide (CdS) nanoparticles via amidation. These caps are chemically removable
upon contact with a reducing agent (Fig. 4). Disulfide linkages between the MSNs and
the CdS nanoparticles can be cleaved with various disulfide-reducing agents. In their
study, they used two different reducing agents, dithiothreitol (DTT) and mercaptoetha-
nol (ME) as chemical stimuli to break up the disulfide linkage. After addition of one of
the reducing agents, the pores uncapped and the drug was released from the pores. They
showed that the rate of drug release was dictated by the rate of cap removal, which was
dependent on the reducing agent concentration. They also demonstrated the biocompa-
tibility and delivery efficiency of ATP encapsulated inside the CdS-capped MSN system
with neuroglial cells (astrocytes type-1) in vitro. After treating the cells with the MSN-
-CdS-ATP system and the addition of a reducing agent, they observed a pronounced in-
crease in the intracellular calcium concentration due to interaction of ATP with ATP me-
diated receptors.
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Fig. 4. Schematic representation of the MSN-CdS-ATP (ATP = model drug) system and the drug re-
lease mechanism after the addition of reducing agents.

Chemically-responsive and magnetically driven site-specific controlled drug release. — To
obtain site-specific drug delivery of MSN-based systems, Giri and co-workers designed
a MSN system capped with 10 nm superparamagnetic iron oxide (Fe3O,) nanoparticles
(6). In this case, site-specific drug delivery was achieved by the presence of an external
magnetic field and the release of the drug was triggered by cell-produced antioxidants
that cleaved a disulfide-bond present in the linker (Fig. 5). Similarly to the previous ex-
ample, they synthesized MSNs with an average pore diameter of around 3 nm and fun-
ctionalized them with 3-(propyldisulfanyl)propionic acid (linker). The linker functiona-
lized MSN material was then loaded with fluorescein as a proof-of principle guest mole-
cule. Afterwards the MSNs mesopores were covalently capped in situ through amidation
of the -COOH [from 3-(propyldisulfanyl)propionic acid functional groups of the linker
attached to the pore surface] with -NH, [from (3-aminopropyltriethoxysilyl) functiona-
lized superparamagnetic Fe;0, nanoparticles]. Disulfide linkages between the MSNs and
the Fe30,4 nanoparticles can be cleaved with various cell-produced antioxidants and di-
sulfide reducing agents such as dihydrolipoic acid (DHLA) and dithiothreitol (DTT), re-
spectively. The biocompatibility and efficiency of intercellular delivery of the system were
investigated on HeLa (human cervical cancer) cells. HeLa cells were incubated with a
suspension of MSN-Fe3;Oy-fluorescein to allow for internalization of the material. Side-
-selective direction was demonstrated using a magnet. They investigated the internaliza-
tion of MSN-Fe;0,-fluorescein by examining the cells with confocal fluorescence micros-
copy. They confirmed that MSN-Fe;O,4-fluorescein composites were indeed internalized
because of the green fluorescence observed in the same plane of the cell as the nucleus.
The appearance of healthy intact nuclei and visibility of fully grown cells suggested that
MSN-Fe;0, are biocompatible with HeLa cells. In this case, site-specific drug delivery
was achieved with the presence of an external magnetic field and the release of the drug
was triggered by dihydrolipoic acid or dithiothreitol which cleavages a disulfide-bond
in the linker (Fig. 5). They also demonstrated that in the absence of a reductant, the drug
remained inside the pores indicating the efficiency of the system.

UV irradiation-responsive controlled drug release. — Vivero-Escoto and co-workers (46)
functionalized the surface of gold nanoparticle (Au) with a photoresponsive linker
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Fig. 5. Schematic representation of the stimuli-responsive (magnetic field) delivery system and
drug release mechanism of the MSN-Fe;O,-fluorescein system.

(thioundecyl-tetraethyleneglycolester-o-nitrobenzylethyldimethyl ammonium bromide,
TUNA) (Fig. 6). The organically derivatized Au nanoparticles are positively charged at
pH 7.4 while the functionalized MSN are negatively charged, which is the basis for the
capping mechanism of Au nanoparticles onto modified MSN. The authors used floures-
cein as a model substance for the studies of UV-specific drug release kinetics and the
photoinduced intracellular controlled release of paclitaxel (an anticancer drug) inside the
human fibroblast and liver cells. The underlying mechanism of UV responsive release is

| MSN = negatively charged ] cell membrane

Au nanoparticles = Au NP
UV irradiation (A = 365 nm)

@ @ TUNA = UV irradiation= kationic compound + TUEC
} o
& [ g I AuNP + TUEC = negatively charged ]
AuNP + TUNA .2
v +
positively charged | kationic compound = positively charged |

Fig. 6. Schematic representation of the photosensitive florescein-loaded AuNP-TUNA-MSN drug
delivery system.
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based on the fact that upon photoirradiation, the photolabile linker, which is covalently
attached to the surface of AuNP-TUNA, is cleaved, resulting in the formation of a catio-
nic compound as well as negatively charged thioundecyltetraethyleneglycolcarboxylate
(TUEC)-functionalized AuNP-TUEC. The charge repulsion then uncaps the mesopores
and allows release of incorporated drugs. Controlled release profiles showed that fluo-
rescein is released from loaded AuNP-TUNA-MSN only in the presence of UV irradia-
tion, which readily demonstrates the UV selectivity and safety of the system. The au-
thors found that the paclitaxel-loaded AuNP-TUNA-MSN material was rapidly taken up
by both cell types used, which was determined by flow cytometry. After UV irradiation
for 10 min, significant decreases in cell viability, 44.2 % and 43.5 %, were observed for
liver and fibroblast cells containing paclitaxel-loaded AuNP-TUNA-MSN, respectively.
This result indicated the efficiency of AuNP-TUNA-MSN. AuNP-TUNA-MSN could in-
deed transport and release paclitaxel inside these live human cells under the control of
photoirradiation whereas the application of AuNP-TUNA-MSN without loaded drug does
not have any influence on the cells, which indicates the biocompatibility of the system.

CONCLUSIONS

The ability to functionalize the surface of mesoporous silicates and incorporation of
a wide range of drugs opens new prospects of designing novel drug delivery systems
that respond to certain stimuli such as pH, specific anions, reducing agents, magnetic
field or UV light. In addition, ordered mesoporous matrices like SBA-15 seem very pro-
mising for dissolution-enhancing formulations for poorly soluble drugs with a high de-
gree of physicochemical diversity. In the present review, enhanced release of the model
compound itraconazole from SBA-15 and some examples of stimuli-responsive and
side-specific mesoporous drug delivery systems are described. It has been shown that
these materials exhibit good biocompatibility, efficiency and low toxicity, as established
by in vitro tests.
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POVZETEK

Urejeni mezoporozni silikati kot ogrodja za nadzorovano spros¢anje uc¢inkovin

TINA UKMAR in ODON PLANINSEK

V zadnjih letih se je zanimanje za razvoj mezoporoznih silikatov kot dostavnih sis-
temov zdravilnih u¢inkovin izredno povecalo. V ¢lanku so predstavljeni izbrani primeri
iz literature, na osnovi katerih je pokazano, kako lahko z vgrajevanjem v vodi teZko top-
nih zdravilnih ué¢inkovin v mezoporozna silikatna ogrodja dosezemo pospeseno spro-
$¢anje tovrstnih zdravilnih u¢inkovin. Na primeru modelne zdravilne ué¢inkovine itra-
konazola so na kratko pojasnjeni kriti¢ni dejavniki, ki regulirajo njegovo strukturo in spro-
$¢anje iz silikatnega ogrodja SBA-15. Moznost funkcionalizacije povrsine tudi pri bolj
ostrih pogojih nudi bogato paleto na specificne stimuluse ob¢utljivega spros¢anja zdra-
vilnih uéinkovin. Na ta nacin lahko razvijemo inteligentne dostavne sisteme, iz katerih
se zdravilna uéinkovina selektivno spros¢a ob dolo¢enem stimulusu, kot je sprememba
pH medija, prisotnost specifi¢nih ionov, reducentov, magnetnega polja ali UV svetlobe.
Dokazana je tudi njihova biokompatibilnost in u¢inkovitost v in vitro poskusih.

Kljucne besede: mezoporozni silikati, dostavni sistemi uc¢inkovin, prirejeno sproscanje
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