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SBA-15 mesoporous material was used as a matrix in three different drug formulations (powders, granules
and tablets). Hydroxypropyl cellulose (HPC) and stearic acid (SA) were applied as modifiers of papaverine
hydrochloride release from mesoporous carriers. The samples were characterized by thermogravimetry, dif-
ferential scanning calorimetry (DSC), X-ray diffraction (XRD) and nitrogen sorptometry at −196 °C. High
pressure applied during the drug formulation (granules, tablets) decreases both specific surface area and po-
rosity of SBA-15. The changes in BET surface area were also observed after drug deposition. The Korsmeyer–
Peppas model was applied to evaluate the kinetics of papaverine hydrochloride release from hydroxypropyl
cellulose- and stearic acid-containing drug formulations. The extended drug release resulted from slow
diffusion of the active substance from micro- and mesoporous channels blocked by hydrophobic stearic
acid and organic polymer.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The recently observed enormous growth of chronic diseases such
as asthma, hypertension and diabetes inspired scientific groups to de-
velop new drug formulations with extended active substance release.
The treatment of these diseases requires continuous doses of a drug
during the daytime. Repeated drug administration of traditional
drug formulation is very frequently troublesome, especially for the
elder. Therefore the Drug Delivery System (DDS) providing the con-
stant therapeutic drug concentration in blood serum might markedly
improve therapy [1].

Mesoporous siliceous materials of e.g. MCM-41 or SBA type are a
new class of matrices applied in DDSs. Initially, these materials served
as supports in heterogeneous catalysis [2,3]. Later on, mesoporous
materials demonstrated the potential of an excellent drug carrier
[4]. Both MCM-41 and SBA-15 have been already tested in drug
adsorption and drug delivery [5]. Mesoporous materials are charac-
terized by large surface area (>1000 m2/g), uniform pore size
distribution and large pore volume (~1.0 cm3/g). Moreover, high bio-
compatibility [6,7], low toxicity [8] and the presence of micropores
(in SBA-15) [9] promote their application as carriers in drug formula-
tions of prolonged release. The application of MCM-41 loaded with
ibuprofen was described in 2001 for the first time [10]. Since then,
numerous studies with other mesoporous siliceous materials (SBA,
MSU type) as drug carriers were undertaken. Siliceous mesoporous
+48 61 8291505.
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systems were loaded with a wide range of active substances such as
antibiotics [11,12], vitamins [13], antiinflammatory drugs [14–16],
hypertension drugs [17,18], natural antimicrobial agents [19] and
other biomolecules [20,21].

In order to improve the adsorption properties of mesoporous
matrices and to obtain better kinetics of the drug release from the
drug–carrier complex these materials should be appropriately func-
tionalized. The presence of free silanol groups inside the SBA-15
mesoporous channels can significantly improve its adsorption prop-
erties during modification with alkoxysilanes [22–24]. Moreover,
modification of mesoporous materials with suitable organic polymers
influences the kinetics of the drug release [25,26]. Photo-sensible [27]
and magnetic [28] drug delivery systems based on mesoporous mate-
rials have been described. It should be mentioned that the industrial
production techniques based on spray-drying process have been
also considered [29].

This paper describes the application of SBA-15 mesoporous
material as the carrier for papaverine hydrochloride. Papaverine hy-
drochloride is known as a non-selective smooth muscle relaxant
[30]. The activity of this drug is based on the inhibition of cyclic aden-
osine monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP) phosphodiesterases [31]. Moreover, this alcaloid can be also
applied in vasospasmic diseases such as spasm associated with sub-
arachnoid hemorrhage [30], erectile dysfunction [32] and spasms of
alimentary channel [33]. The aim of this study was to formulate a
drug (tablets, granules and coated powders) based on SBA-15, papav-
erine and excipients and to achieve the extended-release profiles of
the active substance.
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Fig. 1. Thermogravimetric analysis of the sample: (a) papaverine hydrochloride, (b) SBA-15
loaded with papaverine hydrochloride, (c) SBA-15. Insert: curves of differential scanning
calorimetry analysis of these samples.
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2. Experimental

2.1. Synthesis of SBA‐15

SBA-15 was synthesized according to the procedure described by
Zhao et al. [34] applying triblock copolymer Pluronic P123 as a tem-
plate and tetraethoxyorthosilicate (TEOS) as a source of silica. During
the synthesis 48 g of block copolymer of Pluronic P-123 was dissolved
in 360 cm3 of water and 1440 cm3 of 2 M HCl at 35 °C. After com-
plete dissolution of co-polymer, 102 g of TEOS was added and the
obtained mixture was stirred 20 h at 35 °C. Next, the suspension
was transferred into tightly closed vessel and kept for 24 h at
110 °C without stirring. The obtained white solid was filtered and
washed repeatedly with deionized water. The air-dry white powder
was next calcinated at 500 °C for 6 h (heating rate 1 °C/min).

2.2. Adsorption of papaverine hydrochloride on SBA-15

10.0 g of pure, dehydrated powder of SBA-15 was introduced into
500 cm3 of water solution of papaverine hydrochloride (15 mg/cm3).
The adsorption process was performed at 25 °C for 24 h. After ad-
sorption the sample was filtered and dried at room temperature for
24 h and another 24 h at 100 °C. The amount of papaverine hydro-
chloride in dry carrier was estimated from elemental analysis. This
sample was marked as SBA-15-Pap.

2.3. Drug formulation

2.3.1. Granulation of SBA-15 materials
The granules of pure SBA-15 and SBA-15-Pap samples were

obtained in dry granulation process. The discs of 25 mm in diameter
were formed from 10.0 g of appropriate powder using a hydraulic
press. The compression pressure was 10–20 MPa. Next, the sample
was crushed (Erweka apparatus) and fractionated by sieve analyzer
(Fritsch). The fraction between 0.5 and 1.0 mm was collected. Samples
were designated as SBA-15-GX and SBA-15-Pap-GX for granules of pure
SBA-15 and granules of SBA-15 loaded with papaverine hydrochloride,
respectively. The X value corresponds to the applied pressure (in MPa).

2.3.2. Coating process
2.5 g of SBA-15 loaded with papaverine hydrochloride was intro-

duced into 100 cm3 of 0.5 wt.% n-hexane solution of stearic acid
(SA). The suspension was stirred at room temperature for 2 h. Next,
the sample was filtered and the remaining n-hexane solvent was re-
moved at 40 °C for 24 h in a vacuum. The obtained sample was desig-
nated as SBA-15-Pap-SA.

2.3.3. Tablet preparation
The tablets were prepared from an appropriate amount of mechan-

ically mixed SBA-15-Pap and hydroxypropyl cellulose (HPC). The tablet
weight was 0.7 g. The amount of HPC in tableting bulk was from 10 to
50 wt.%. Next, the mixture was compressed into 15 mm discs under
pressure of 6 MPa. These samples were designated as SBA-15-Pap-
TX%, where X represents the amount of the applied HPC (wt.%).

2.4. Release of papaverine hydrochloride from the drug formulation

The release of papaverine hydrochloride from powdered samples,
granules and tablets was performed in Erweka DT 60 apparatus,
according to US Pharmacopeia (paddle method) in 0.1 M HCl
(500 cm3) at 37 °C with stirring rate of 50 rotations per minute.
After the indicated period of time (0.25–24 h) the solution of the
drug (alternatively suspension) was centrifuged. The amount of re-
leased drug was calculated from the absorbance value measured
spectrophotometrically at 250 nm (0.1 M HCl).
2.5. Characterization of the sample

Both thermogravimetric analysis and differential scanning calo-
rimetry were performed in the air with Setsys-TG-DSC apparatus
from Setaram. The XRD measurements of powdered samples were
performed using an AXS D8 Advance diffractometer from Bruker
(CuKα=1.5406 Å — Bruker). The amount of drug in the carrier and
the amount of stearic acid in the formulated samples were based on
calculation of C and N contents established in elemental analysis
(Vario EL III Elemental Analyser). The amount of released drug was
determined from absorbance values at 250 nm using Cary 100 UV–
vis spectrophotometer. Adsorption and desorption isotherms of ni-
trogen at −196 °C were measured using an ASAP 2010 sorptometer
(Micromeritics). Before nitrogen adsorption–desorption measure-
ments all samples were degassed at 120 °C for more than 12 h.
3. Results and discussion

3.1. Characteristics of SBA-15 and SBA-15-Pap samples

Thermogravimetric analysis of SBA-15 loaded with papaverine hy-
drochloride (SBA-15-Pap) shows that adsorption of the drug within
the hexagonal channels of mesoporous material does not influence
its thermal stability (Fig. 1). Comparison of the DSC curves (see insert
in Fig. 1) of pure papaverine hydrochloride and that of SBA-15 loaded
with the drug, indicates the absence of an endothermic peak at
~230 °C in the case of the drug–carrier complex. Differential scanning
calorimetry confirms an amorphous character of adsorbed papaverine
hydrochloride. Endothermic peak on DSC curve (a) corresponds to
the melting point of papaverine hydrochloride (220 °C). An amor-
phous character of the adsorbate is due to its molecular dispersion
at the surface of mesoporous SBA-15 structure. Similar results were
obtained by Mellaerts et al. [35] while adsorption of itraconazole on
SBA-15. Amorphous character of adsorbed papaverine hydrochloride
was also confirmed in wide angle X-ray diffraction measurements
[17].

Synthesized SBA-15 material had BET surface area of 776 m2/g,
pore volume of 0.89 cm3/g and microporosity of 0.0863 cm3/g.
These parameters are in agreement with those presented in the liter-
ature [36]. Large BET surface area of hexagonal channels in SBA-15,
the presence of micropores and free silanol groups [5] at the surface
of mesoporous matrix promote the drug adsorption. The results of el-
emental analysis of the SBA-15-Pap sample indicated that the amount



Table 1
Characteristics of SBA-15 and SBA-15-Pap samples.

Sample Form Pressure of compression (MPa) BET surface area
(m2/g)

BJH pore volume
(cm3/g)

t-plot micropore volume
(cm3/g)

BJH average pore diameter
(nm)

SBA-15 Powder – 776 0.89 0.0863 5.7
SBA-15-G10 Granules 10 768 0.89 0.0799 5.6
SBA-15-G15 Granules 15 741 0.85 0.0766 5.5
SBA-15-G20 Granules 20 735 0.83 0.0752 5.4
SBA-15-Pap Powder – 478 0.78 0.0104 5.6
SBA-15-Pap-G20 Granules 20 390 0.60 0.0000 5.3
SBA-15-Pap-SA Powder – 300 0.54 0.0000 5.2
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of adsorbed papaverine hydrochloride was 9.4 wt.%. After the drug
adsorption BET surface area and pore volume (both meso- and micro-
pores) were reduced nearly 38% and 12%, respectively (see Table 1).
The adsorption of papaverine hydrochloride on SBA-15 results in a
decrease of adsorbed nitrogen volume (Fig. 2). This indicates that
mainly micropores are blocked after the drug deposition. The same
shape and position of hysteresis loop after the drug adsorption con-
firm that hexagonal array of SBA-15 has been preserved.
3.2. Drug formulation

Granulation of pure SBA-15 and SBA-15 loaded with papaverine
hydrochloride resulted in partial destruction of well-defined struc-
ture of mesoporous siliceous matrix. The low-angle XRD diffraction
patterns [mainly (100) Miller index] of the compressed samples,
shown in Fig. 3, clearly demonstrate the reduction of the initial struc-
ture. An increase of the compression pressure from 10 to 20 MPa
resulted in a decrease of reflection intensity values from 31 to 42%,
respectively. This fact demonstrated the collapse of the structure.
Compression of SBA-15 matrix (20 MPa) loaded with papaverine hy-
drochloride resulted in a 53% decrease of reflex intensity (100) in
comparison with powdered sample. This is in agreement with the
Fig. 2. Nitrogen adsorption–desorption isotherms (−196 °C) of SBA-15 and sample of
SBA-15 loaded with papaverine hydrochloride in powder and granulate. Insert: nitro-
gen adsorption–desorption isotherms of SBA-15-Pap-G20 sample.
results of Ghedini et al. [37] obtained during compression of SBA-15
and MCM-41 loaded with metoprolol tartrate.

It is well known that an increase of the compression pressure re-
sults in lowering the symmetry of mesoporous siliceous materials
[37]. The results of sorptometric analysis (Table 1) confirm earlier
XRD data indicating no marked changes of mesoporous SBA-15 struc-
ture related to compression pressure increase. Under the pressure of
10, 15 and 20 MPa the specific surface area of obtained granules
decreased by 1.0, 4.5 and 5.3%, respectively in comparison with
powdered SBA-15. Compression of drug loaded SBA-15 sample
(SBA-15-Pap) at 20 MPa decreased its BET surface area and pore vol-
ume by 18.4 and 23.1%, respectively. Complete collapse of granulated
SBA-15-Pap sample (SBA-15-Pap-G20) micropores was observed. In-
ferior mechanical properties of papaverine hydrochloride-loaded
SBA-15 sample possibly come from the negative influence of water
environment (acidic drug solution) on the stability of the mesoporous
structures as suggested by Izqierdo-Barba et al. [38].

Nitrogen adsorption and desorption isotherms of the compressed
samples (Fig. 2) showed characteristic fold of desorptive branch (at
value p/p0 0.4–0.6) of the hysteresis loop (see insert in Fig. 2). This
bend is connected with the plugging of mesoporous channels due to
the partial degradation of SBA-15 hexagonal channels as suggested
Fig. 3. XRDdiffractionpatterns (wide angle) of SBA-15 and SBA-15 loadedwith papaverine
hydrochloride in the powder and granulate. (a) SBA-15, (b) SBA-15-Pap, (c) SBA-15-G10,
(d) SBA-15-G15, (e) SBA-15-G20, (f) SBA-15-Pap-G20.

image of Fig.�2
image of Fig.�3


Fig. 4. Pore size distribution of SBA-15 and SBA-15-Pap samples in the powder and
granulate.

Fig. 5. Nitrogen adsorption–desorption isotherms of SBA-15, SBA-15-Pap samples and
SBA-15-Pap sample coated with stearic acid. Insert: pore size distribution of these
formulations.

Fig. 6. Cumulative release profiles of papaverine hydrochloride from: (a) SBA-15-Pap,
(b) SBA-15-Pap-G20, and (c) SBA-15-Pap-SA.
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by Chytil et al. [39]. In this case the shape of nitrogen adsorption and
desorption isotherms is similar to those obtained for PHTS (plugged
hexagonal templated silica) materials with partially blocked channels
by silica amorphous nanoparticles [40]. Pore size distribution of
SBA-15 after papaverine hydrochloride adsorption (BJH method)
presented in Fig. 4 indicates only the decrease of pore volume, where-
as compression of this sample under 20 MPa resulted in bimodal pore
size distribution. This is in agreement with the measurements of
Ghedini et al. [37]. The increase of compression pressure resulted in
an increase of pore fraction with smaller diameter (SBA-15-G15,
SBA-15-G20 and SBA-15-Pap-G20 samples).

The SBA-15-Pap-SA sample contained 8.8 wt.% of papaverine hy-
drochloride and 5.7 wt.% of stearic acid. The comparison of nitrogen
adsorption–desorption isotherms of uncoated SBA-15-Pap sample
with those containing stearic acid shows the decrease of BET surface
area and pore volume by 37% and 30%, respectively (see Table 1 and
Fig. 5). After adsorption of stearic acid the complete clogging of mi-
cropores (t-plot calculations) was observed. Simultaneously, the
pore size distribution of SBA-15-Pap-SA sample showed the shift to-
wards smaller pores (see insert in Fig. 5).

3.3. Drug release profiles of papaverine hydrochloride from the drug
formulation

Appropriate kinetics of active substance release from the thera-
peutic systems is a crucial point for every patient. Suitable drug
release may limit the number of taken daily doses and provide thera-
peutic concentration of the drug in the blood serum. The kinetics of
papaverine hydrochloride released from powdered SBA-15, granulat-
ed SBA-15 and coated SBA-15 systems was studied as a function of
time (Fig. 6). The release of papaverine hydrochloride adsorbed on
pure powdered SBA-15 occurred very rapidly. After 15 min, 2 h and
6 h the amount of released drug was 85%, 91% and 94%, respectively
(Fig. 6, curve a). Slightly slower dissolution (71, 84 and 90%) after
the same time intervals was found for granulated SBA-15-Pap-G20
sample (Fig. 6, curve b). This effect is caused by the active substance
diffusion limitation from the partially destroyedmesoporous channels
during compression. In both cases, nearly total release of papaverine hy-
drochloride from SBA-15-Pap and SBA-15-Pap-G20 samples was ob-
served after 24 h. The release of active substance from the compressed
materials was discussed also by A.L. Doadrio et al. [41] in the work
concerning adsorption and release of gentamicin from SBA-15. The au-
thors established that the decrease of the surface area pore volume of
the carrier renders difficulties in drug diffusion. Similar conclusion is
given also by Ghedini et al. [37] in the work describing the compression
of SBA-15 and MCM-41 with adsorbed metoprolol tartrate.

The treatment of SBA-15-Pap with stearic acid (SA) resulted even
in much slower (Fig. 6, curve c) release of papaverine hydrochloride
(61, 72 and 78% after 15 min, 2 h and 6 h, respectively). Moreover,
after 24 h only 80% of papaverine hydrochloride was released from
the SA-coated sample. The observed slow release of the drug from
this sample is connected with hydrophobic character of stearic acid
and difficulties in water molecule diffusion inside the meso- and mi-
croporous channels internally covered by stearic acid.

The release profiles of papaverine hydrochloride from tablets
containing various amounts of hydroxypropyl cellulose are shown
in Fig. 7. The release profile of papaverine hydrochloride from
non-modified powdered SBA-15 carrier is shown as a reference
(Fig. 7, curve a). The obtained results indicate that the process of
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Fig. 7. Cumulative release profiles of papaverine hydrochloride from tablets containing
HPC, (a) SBA-15-Pap (powder), (b) SBA-15-Pap-T10%. (c) SBA-15-Pap-T-20%, (d) SBA-
15-Pap-T-30%, (e) SBA-15-Pap-T40%, (f) SBA-15-Pap-T50%.
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drug release was the fastest for tablets with low content of HPC and
the slowest for formulation containing 50 wt.% of HPC. The equation
based on Korsmeyer–Peppas [42] model was applied to examine the
kinetics of papaverine hydrochloride release from tablets prepared
from SBA-15-Pap and HPC.

Mt=M∞ ¼ ktn

where Mt and M∞ describe the amount of the drug released after time
t and the initial amount of the drug in the carrier, respectively, Mt/M∞
is a fractional release of drug, k is a constant incorporating structural
and geometric characteristics of drug formulation, n is the release ex-
ponent, and t represents duration time of release. This model was
used for controlled drug release from polymeric system [42]. The
values of n and k parameters of Korsmeyer–Peppas equation were
calculated by linear regression method for the ratio Mt/M∞b0.6. The
results presented in Table 2 show that in all cases the process of re-
lease proceeds according to Fickian diffusion mechanism (n-value:
0.47–0.51). Kinetic constant k was the highest for the formulation of
the lowest content of polymer. Prolongation of the drug release pro-
cess from the formulation containing high-molecular hydrophilic
polymer is due to difficult diffusion of the drug molecules through
the layer of formed hydrogel. Retardation of release process may re-
sult from slower penetration of water inside meso- and microporous
channels due to the polymer layer formation. The effect of slow re-
lease is discussed by Fagundes et al. [43] in the work presenting aten-
olol release from SBA-15 matrix containing collagen. This effect is
explained by the presence of hydrogen interactions between the
drug and biopolymer. Such explanation is also given by Xu et al.
[26] in the work describing drug release process from SBA-15 tablets
coated with hydroxypropyl methylcellulose phthalate.

Siliceous mesoporous materials can be an alternative for tradition-
ally applicable polymers in drug formulation such as poly(lactic acid),
poly(lactic-co-glycolic acid) [44] and hydroxypropyl methyl cellulose
[45]. However, modification of mesoporous surface with hydrophilic
polymers allows to combine unique property of polymers (diffusion
Table 2
Kinetics of papaverine hydrochloride release from tablets with SBA-15-Pap and HPC.

Sample Amount of HPC in
tablet
(wt.%)

Exponent
(n)

Release constant
(k)

R2

SBA-15-Pap-T10% 10 0.50 0.28 0.9865
SBA-15-Pap-T20% 20 0.47 0.20 0.9709
SBA-15-Pap-T30% 30 0.47 0.16 0.9721
SBA-15-Pap-T40% 40 0.51 0.12 0.9951
SBA-15-Pap-T50% 50 0.51 0.11 0.9968
through hydrogel layer) and textural property of mesoporous matri-
ces (diffusion with long channels). The results demonstrated by
Tatavarti et al. [46] in theworkdescribing the drug formulationwithpa-
paverine hydrochloride based on hydroxypropyl methyl cellulose
(25 wt.%) and other excipients indicated very slow drug release ca.
40% after 15 h. The release profiles of papaverine hydrochloride from
SBA-15 tablets containing 20 wt.% and 30 wt.% of HPC are presented
in Fig. 7 and Table 2. These formulations demonstrated good pharma-
ceutical availability after 24 h (75% and 64%, respectively).
4. Conclusions

SBA-15 siliceous mesoporous material can be used as a carrier for
papaverine hydrochloride in DDS. The use of simple physical pro-
cesses (compression, granulation, and coating) can slow down the
drug release. An addition of stearic acid and hydroxypropyl cellulose
as modifiers allows to extend the drug release. Extended-release
of granules was the result of partial degradation of hexagonal
mesoporous channels during the compression. Prolonged drug re-
lease from coated powder resulted from the locking of meso- and
microporous channels and hydrophobic character of stearic acid.
The most convenient and very promising results were obtained dur-
ing the formulation of tablets containing 10 wt.% and 20 wt.% of
hydroxypropyl cellulose as high-molecular polymer. In this case
the best kinetics of drug release and the highest pharmaceutical
availability were achieved.
List of abbreviation and symbols

BET Brunauer–Emmett–Teller isotherm
BJH Barrett–Joyner–Halenda isotherm
cAMP Cyclic adenosine monophosphate
cGMP Cyclic guanosine monophosphate
DDS Drug delivery system
DSC Differential scanning calorimetry
GX Granules (X described pressure of compression)
HPC Hydroxypropyl cellulose
k Structural and geometrical drug formulation constant
Mt Drug release amount
M∞ Initial drug amount in the carrier
MCM-41 Mobil Composition of Matter (silica)
MSU Michigan State University (silica)
n Release exponent
p/p0 Relative pressure
Pap Papaverine hydrochloride
PHTS Plugged hexagonal templated silica
SA Stearic acid
SBA-15 Santa Barbara Amorphous (silica)
STP Standard temperature and pressure
t Time
T%X Tablet (X described the amount of HPC in drug formulation)
TEOS Tetraethyl orthosilicate
TG Thermogravimetry
XRD X-ray diffraction
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