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The synthesis of three types of mesoporous materials is reported: pure mesoporous silica (MCM-41), a
nanocomposite of mesoporous silica with hydroxyapatite (MCM-41-HA) and mesoporous silica/gold
nanorods nanocomposite (MCM-41-GNRs). The mesoporous materials were characterized by X-ray dif-
fraction, N2 adsorption isotherms, FTIR spectroscopy, transmission electron microscopy, and scanning
electron microscopy. The samples were loaded with coumarin thiourea derivatives (I–IV) having func-
tional groups of varying sizes and the in vitro release assays were monitored, and the release behavior
was investigated as a function of soaking time in simulated body fluid. Two release stages were obtained
in MCM-41, MCM-41-HA and MCM-41-GNRs loaded samples with the early release stages accounting for
about 30% of loaded derivatives. These early release stages are characterized by Higuchi rate constant val-
ues nearly twice the values associated with the second release stages. The influence of substituent size on
the release rate constants was explained in terms of sorption sites and hydrogen bonding with silanol
groups on silicates. The release of coumarin derivatives loaded on MCM-41, MCM-41-HA and MCM-
41-GNRs occurs over remarkably long time of the order of about 260 h with faster release rates in loaded
MCM-41 and MCM-41-GNRs samples compared with MCM-41-HA ones. The role of hyperthermia effect
in enhancing release rates was investigated by subjecting loaded MCM-41-GNRs to near infrared (NIR)
radiation at 800 nm. This would be of significance in targeted drug release using hyperthermia effect.
Unlike hydroxyl apatite, loading MCM-41 with gold nanorods does not affect the release kinetics. Only
when these samples are irradiated with NIR photons, does the release occur with enhanced rates. This
property could be valuable in selected targeting of drugs.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The administration of drugs by a drug delivery system provides
advantages over conventional drug therapies because the drug is
delivered locally rather than systemically. This minimizes harmful
side effects [1]. The entire drug dose needed for a desired period is
administered at one time and released in a controlled manner.
Other potential advantages include drug targeting, improved com-
pliance and comfort [2]. Numerous systems have been studied for
controlled drug delivery, such as biodegradable polymers [3],
hydroxyapatite (HA) [4–6], calcium phosphate cement [7–9], xero-
gels [10,11], hydrogels [12,13] mesoporous silica [14] and others.
ll rights reserved.
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beid).
Mesoporous materials show ordered arrangements of channels
and cavities of different geometries built up from SiO2 units [15].
These materials exhibit variable pore size (2–50 nm), high surface
areas (ca. 1000 m2/g), high pore volume (ca. 1 cm3/g) and homoge-
neous nanostructures which can be tailored by varying the synthe-
sis procedure [16]. The pore walls have high surface density of
silanol groups (SiAOH) that could be reactive toward appropriate
guest molecules [17].

Siliceous mesoporous materials have the advantage of being
biocompatible and degradable in aqueous solutions, and thus
problems related to the removal of the material after use can be
avoided.

Since 2001, when MCM-41 was purposed for the first time as
controlled delivery system [18], much research efforts have been
devoted to tailor the chemical properties of mesoporous carriers
at the nanometer scale to achieve a better control over loading
and release of molecules. The mesoporous carrier is selected
according to the features of the guest molecule and the targeted
application. Therefore, different guest molecules have been
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successfully confined into mesoporous silicas. Some of these mol-
ecules are drugs [18–25]. Other guest molecules consisted of bio-
logically active species, such as proteins, e.g. bovine serum
albumin (BSA) [26] and certain amino acids [27]. The textural
properties (i.e., pore diameter, surface area and pore volume) of
mesoporous materials are key factors that govern molecules
adsorption and release [28]. Moreover, functionalization of silica
walls using different organic groups has been revealed as the main
strategy to modulate molecule loading and release.

Nanoparticles derived from gold provide an attractive system
for diagnostic and therapeutic applications owing to their ease of
preparation, ready bioconjugation, good biocompatibility, and un-
ique optical properties [29–31].

In particular, gold nanorods (GNRs) are important metal nano-
material with distinctive shape-dependent optical properties.
Especially, they possess two distinct plasmon bands, one associ-
ated with the transverse mode and the other with the longitudinal
modes. These properties suggest several advantages of GNRs for
the applications not only in biological sensing [32] and imaging
[33] but more importantly, they are potential candidates for local-
ized photothermal therapy because they mediate strong plasmon-
induced surface heat flux upon absorption of near infrared light
[34–37].

Although most of the synthetic methods used for the prepara-
tion of metal nanorods suffered from limitations, either in the
amount of material [38] or in the yield of nanorods, when com-
pared to nanospheres [39], Nikoobakht and El-Sayed recently re-
ported a variation of the so-called seed-mediated method [40]
that affords the synthesis of relatively large amounts of nanorods
with very little contamination by nanospheres and variable aspect
ratio.

Coumarin derivatives possess a wide range of applications as
anticoagulants [41], antitumor [42], photosensitizers [43], anti-
HIV [44], antimicrobial [45] and anti inflammatory agents [46].
Coumarin derivatives have been liked to other molecules in gene
expression studies [47] as well as in salmonella detection [48].
Coumarin derivatives are also currently used as fluorogenic dyes
in proteomics [49].

In the present communication, we report the application of
mesoporous silicate, mesoporous silicate coating gold nanorods
and mesoporous silicates loaded by apatite nanostructures as car-
riers for coumarin thiourea derivatives (I–IV) linked to functional
groups of varying sizes in an effort to correlate group size and re-
lease rate constants. The advantage of using mesoporous silicates
as carriers of the present coumarin derivatives is the remarkably
long time-scale of release (Scheme 1).
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Scheme 1.
Loading mesoporous silicates with gold nanorods offers a novel
method of enhanced release based on hyperthermia effect.
Plasmon-resonant gold nanorods are highly effective at transducing
NIR light into heat leading to localized hyperthermia. Hyperthermia
is currently under consideration as a noninvasive approach to cancer
therapy, in which biological tissues are exposed to higher than
normal temperatures to promote the selective destruction of
abnormal cells [37]. Our present approach offers a dual action in
which hyperthermia effect can produce severe blebbing in cell
membranes, and render them permeable to chemical agents. The
other simultaneous effect is the enhanced release of drugs loaded
on mesoporous silicates. The biosafety of metallic gold is well
known, and they have been used in vivo since the 1950s and recently
the noncytotoxicity of gold nanoparticles in human cells has been
studied in detail by Wyatt et al. [50].
2. Materials and methods

2.1. Materials

Analytical grade tetraethyloxysilane (TEOS) was purchased
from Merck. Cetyltrimethyl ammonium bromide (CTAB), sodium
hydroxide (NaOH), dipotassiumhydrogenphosphate (K2HPO4), so-
dium chloride (NaCl), potassium chloride (KCl), calcium chloride
dihydrate (CaCl2�2H2O), sodium sulphate decahydrate (Na2-

SO4�10H2O), magnesium chloride hexahydrate (MgCl2�6H2O) and
hydrochloric acid (HCl) were purchased from Fluka. Tetrachloroau-
ric acid (HAuCl43H2O), cetyltrimethyl ammonium bromide (CTAB),
benzyldimethylhexadecyl-ammonium chloride (BDAC), ascorbic
acid, sodium borohydride, silver nitrate, tris(hydroxymethyl)ami-
nomethane (Tris buffer), acetonitrile (ACN), tetramethyl ammo-
nium hydroxide pentahydrate (TMAOH) and calcium chloride
(CaCl2) were purchased from Aldrich. All materials were used as re-
ceived without further purification.

2.2. Synthesis of coumarin derivatives (I–IV)

Coumarin derivatives (I–IV) were prepared starting with 4-
methyl-7-hydroxy-8-nitrocoumarin [51]. A mixture of 4-methyl-
7-hydroxy-8-nitrocoumarin (22.1 g; 0.1 mol) was refluxed with
anhydrous potassium carbonate (27.6 g; 0.2 mol) and ethyl iodide
(23.6 ml; 0.4 mol) in dry acetone (300 ml) with continuous stirring
for 15 h then cooled, filtered and washed with acetone. The com-
bined filtrate and wash was concentrated, the separated solid was
filtered and washed with water then crystallized from ethanol to
give 7-ethoxy-4-methyl-8-nitrocoumarin of m.p. 179 �C (90%). A
suspension of the nitrocoumarin (10 g), stannous chloride dihydrate
(40 g), in 95% ethyl alcohol (40 ml) and HCl (120 ml) was boiled for
5 min to give a clear solution. The separated crystals obtained after
cooling were filtered, suspended in water and treated with NaHCO3.
The yellow solid separated was filtered, extracted with hot isopropa-
nol, concentrated in vacuum, and the separated shiny yellow
crystals were filtered and recrystallized from ethanol to give 8-
Amino-7-ethoxy-4-methyl-coumarin: 7.4 g of m.p. 127–8 �C (80%).

8-Alkylthiourido 7-ethoxy-4-methyl-coumarins (I–IV) were ob-
tained by heating a solution of the amine (2.2 g; 0.01 mol in 20 ml
ethanol) with the appropriate isothiocyanate derivative (0.01 mol)
in alcohol with stirring for 6 h. The product was concentrated and
filtered. The separated solid was recrystallized from ethanol to give
the desired compound.

2.3. Synthesis of mesoporous silica (MCM-41)

First, 0.46 g NaOH was dissolved into 120 ml deionized H2O
with stirring. After the solution becomes clear, 1.4 g CTAB was
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dissolved completely, 5.6 ml TEOS was poured into the above solu-
tion under vigorous stirring. Stirring was continued for 24 h, then
the mixture was heated at 80 �C for 48 h .The mixture was filtered
to obtain solid silica particles then dried at 100 �C for 6 h, and the
surfactant was removed by calcination at 550 �C for 5 h.

2.4. Synthesis of mesoporous silica/apatite nanocomposite (MCM-41-
HA)

The synthesis of nanocomposites was initiated with the prepa-
ration of two different solutions of (2.01 g/60 ml) CaCl2�H2O and
(2.71 g/60 ml) K2HPO4 in deionized water. Cationic surfactant
(CTAB) 2.4 g was dissolved in the solution containing phosphate
under constant stirring. The pH at 12 was controlled with TMAOH.
The mixture was kept under constant stirring in a closed container
at 30 �C. CaCl2 solution was added, and the agitation was kept for
30 h. After this, 5 ml TEOS was added under agitation, and the final
mixture was heated for 24 h at 100 �C under static conditions. The
mixture was filtered to obtain the silica/apatite nanocomposite
that was dried at 100 �C for 6 h, and the surfactant was removed
by calcination at 550 �C for 5 h.

2.5. Synthesis of gold nanorods (GNRs)

Seed-mediated growth was performed at 25 �C from freshly
prepared aqueous solutions following methods of Nikoobakht
and El-Sayed [40]. Briefly, 2.5 ml of 1.0 mM HAuCl4 was added to
5.0 ml of 0.2 M cetyltrimethylammonium bromide (CTAB). Six
hundred microliters of ice-cold 10 mM NaBH4 was added to the
stirred solution and allowed to react for several minutes, forming
the pale brown gold seed solution. Next, 100.0 ml of 1.0 mM
HAuCl4was added to 100.0 ml of a solution of 0.12 M CTAB and
0.15 M benzyldimethyl-hexadecylammonium chloride (BDAC),
and 4.5 ml of 4.0 mM AgNO3. Approximately 1.4 ml of 78.8 mM
ascorbic acid was added, followed by gentle mixing to form the
transparent growth solution. One hundred sixty microliters of
the seed solution was added to the unstirred growth solution
and allowed to react for 2 h. Nanorods synthesized by this method
yield pure nanorods of approximately 12 nm in width and 50 nm
length (4.0 aspect ratio), with a longitudinal plasmon absorption
maximum at 800 nm.

2.6. Synthesis of mesoporous silica coating gold nanorods (MCM-41-
GNRs)

Silica coating of gold nanorods were prepared as follows: 1.38 g
NaOH were dissolved into 120 ml H2O with stirring. After the solu-
tion becomes clear, 4.2 g CTAB was dissolved completely. Then
gold nanorods solution was added, 16.8 ml TEOS was poured into
the above solution under vigorous stirring. Stirring was continued
for 24 h, then the mixture was heated at 80 �C for 48 h .The mix-
ture was filtered to obtain the silica coating of gold nanorods solid
particle, and the surfactant was removed by calcination at 550 �C
for 5 h.

2.7. Preparation of simulated body fluid (SBF)

An acellular simulated body fluid that has inorganic ion concen-
trations similar to those of human extracellular fluid was devel-
oped [52] in order to reproduce formation of apatite on bioactive
materials in vitro. This fluid can be used for not only evaluation
of bioactivity of artificial materials in vitro, but also coating of
apatite on various materials under biomimetic conditions. SBF
solution was prepared by dissolving appropriate quantities of
reagent grade 8.2187 g NaCl, 0.2260 g KCl, 0.3860 g CaCl2�2H2O,
0.3508 g NaHCO3, 0.3337 g K2HPO4�3H2O, 0.1697 g Na2SO4�10H2O,
0.3366 g MgCl2�6H2O and 50 mM Tris buffer in 1 l distilled water.
And 45 mM HCl was used to maintain pH of the solution at 7.4
similar to blood plasma pH (osmolarity = 364.3 mosm/l).

2.8. Coumarin derivatives (I–IV) loading

To evaluate the performance of the MCM-41, MCM-41-HA and
MCM-41-GNRs for hosting therapeutic systems, the initial calcined
powders (MCM-41, MCM MCM-41-HA and MCM-41-GNRs) were
compressed into 0.25 g disks by uniaxial pressure of 1.5 MPa. The
disks were soaked in saturated solutions of coumarin thiourea
derivatives (I–IV) (6 mg/ml acetonitrile) for 4 days at room
temperature.

2.9. Coumarin derivatives (I–IV) release from MCM-41 and MCM-41-
HA

The in vitro release study of coumarin thiourea derivatives (I–
IV) from MCM-41 and MCM-41-HA were performed by soaking
MCM-41 or MCM-41-HA disks in 30 ml of simulated body fluid
(SBF). The temperature was maintained constant (37 �C), and the
solutions were continually stirred. UV spectrometry was used for
monitoring the amount of drug release as a function of time. The
concentrations of coumarin thiourea derivatives (I–IV) in SBF were
found from the absorbance at 320 nm.

2.10. Coumarin derivative (I) release from MCM-41-GNRs

The in vitro release study of coumarin thiourea derivative (I)
from MCM-41-GNRs was performed by soaking two disks of
MCM-41-GNRs in two different 30 ml of simulated body fluid
(SBF). One of them was irradiated at 800 nm during the release
study, while the other was not.

2.11. X-ray diffraction studies

X-ray diffraction analysis was carried out using a Philips PW
1390 X-ray diffractometer using copper target with nickel filter.
Each sample was subjected to X-ray analysis under working condi-
tions of 40 kV and 20 mA. All the difractograms were investigated
in the 2h values in the range of 5–70� at room temperature.

2.12. Fourier transform infrared spectroscopy (FTIR) studies

Fourier transform infrared spectroscopy was recorded on
a Perkin–Elmer 1430 spectrophotometer in the range of
4000–400 cm�1. The FTIR spectra were recorded at room tempera-
ture in KBr pellets.

2.13. Nitrogen adsorption analysis

Specific surface area and pore size distribution were deter-
mined by N2 adsorption using the BJH method in an Autosorb –
Quantachrome NOVA 1200.

2.14. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) studies

The particle size and morphology were analyzed by scanning
electron microscopy (SEM), JSM-5200LV. The copper disc was
pasted with carbon tape, and the sample was dispersed over the
tape. The disc was coated with gold in an ionization chamber.
Transmission electron microscopy (TEM) was performed using
JEOL-JEM 1230 electron microscope, operating at an accelerating
voltage of 120 kV. Samples for TEM were prepared by depositing
a drop of either the nanorod colloid or the suspension of a ground



A.S. Al-Kady et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 66–74 69
piece of mesoporous silica in ethanol, on a carbon-coated TEM cop-
per grid and left to evaporate at room temperature.

2.15. Spectrophotometric studies

The releasing of coumarin thiourea derivatives at different time
intervals was measured at k = 320 nm using a Shimadzu UV-160A
spectrophotometer connected to a Haake ultrathermostat.

2.16. Laser diode studies

Laser irradiation for hyperthermia effect was carried out at
807 nm using a diode laser driver Model (LDD-9), ATC semiconduc-
tor devices. The laser power at the sample position was 2.7 W.
Fig. 1. TEM photographs of (a) MCM-41particles and (b) MCM-41 (enlarged).

Fig. 2. Photographs of MCM-41-HA particles using: (a) SEM and (b) TEM.
3. Results and discussion

3.1. Characterization studies

Fig. 1a displays TEM observation of MCM-41 particles. MCM-41
silica material was obtained as small spherical particles with a
diameter of about 1 lm. The TEM image (Fig. 1b) shows the char-
acteristic hexagonal arrangement of uniform pores and unidirec-
tional canals for the MCM-41 sample. SEM imaging shows the
growth of crystalline particles, and the surface was completely
covered with them (Fig. 2a). A similar image was reported by Sousa
et al. [17]. The template-guided one-pot synthesis method allows a
fairly homogenous distribution of the mesoporous silica through-
out the apatite crystal surface. This is demonstrated in the TEM
image in Fig. 2b. The TEM image of GNRs (Fig. 3a) shows that the
GNRs have an average aspect ratio of 4.0 with length of ca.
50 nm and width of ca. 12 nm. The morphology of the MCM-
41-GNRs sample is shown in Fig. 3b. It is clear that the nanorods
are well separated and homogeneously distributed in its interior.
This separation allows to basically maintain the optical properties
of individual nanorods within the final mesoporous structure.

Fig. 4 shows surface plasmon absorption spectrum of GNRs. The
strong long wavelength band in the near infrared region around
800 nm is due to the longitudinal oscillation of electrons and the
weak short wavelength band in the visible region around 520 nm
is due to the transverse electronic oscillation.

Fig. 5 shows the XRD patterns for MCM-41, MCM-41-HA and
MCM-41-GNRs. MCM-41 is an amorphous material (Fig. 5a). The
XRD pattern of the nanocomposite (Fig. 5b) presents, beyond a typ-
ical reflection that is characteristic for the hydroxyapatite (HA)
phase, an amorphous region between 10� and 35�, which indicates
the presence of two phases in the formed product. These are iden-
tified as the nanocomposite formed by HA and amorphous silica
[53]. The XRD pattern of MCM-41-GNRs (Fig. 5c) presents the
XRD peak at 2h = 22� corresponding to amorphous mesoporous sil-
ica host and those at2h = 38�, 44�, 65�, 78� and 82� corresponding
to metallic gold [54].

Fig. 6 shows the nitrogen isotherms of MCM-41, MCM-41-HA
and MCM-41-GNRs. The nitrogen adsorption–desorption iso-
therms of MCM-41 and MCM-41-GNRs (Fig. 6a and c) materials ex-
hibit a reversible type IV in the IUPAC classification of mesoporous
materials [55]. The leap in the curve can be due to the capillary
condensation of nitrogen in the channels of the mesoporous [56].
The data calculated from the curves indicate that the MCM-41 pos-
sess a narrow pore size distribution with an average pore size of
about 3.38 nm, characteristic of mesoporous materials with well
ordered structure. However, MCM-41-HA (Fig. 6b) shows the
type-H3 hysteresis loop [17], which presents a broader pore size
distribution. The narrow hysteresis loops appeared in the nitrogen
adsorption–desorption isotherms indicated that the pore system is



Fig. 3. TEM photographs of (a) GNRs with average aspect ratio of 4.0 and (b) MCM-
41 loaded with gold nanorods (MCM-41-GNRs).
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Table 1
Nitrogen adsorption–desorption isotherm data of MCM-41, MCM-41-HA and MCM-
41-GNRs samples.

Sample Vp (cm3/g) Dp (nm) SBET (m2/g)

MCM-41 1.177 3.38 1011.3
MCM-41-HA 0.204 6.08 133.9
MCM-41-GNRs 0.95 3.10 815.0

70 A.S. Al-Kady et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 66–74
mainly composed of mesopores with limited sizes and numbers.
Table 1 summarizes these results and shows the different pore
diameters (Dp), specific surface areas (SBET), and pore volumes
(Vp) for the samples. The pore diameter increases from 3.38 nm
for pure MCM-41 to 6.08 nm with the introduction of hydroxyap-
atite in the structure of the MCM-41-HA. MCM-41 surface area of
ca. 1011.3 m2/g decreased to ca. 133.91 m2/g for MCM-41-HA sam-
ples. These differences suggest that the crystal growth of hydroxy-
apatite blocks the available spaces of the mesoporous silica and are
responsible for the increased average diameter of pores. This indi-
cates that the original mesoporous MCM-41 are filled by HA
nanocrystals.

FTIR spectra of MCM-41, MCM-41-HA, MCM-41-GNRs and
loaded matrices with coumarin thiourea (I–IV) were recorded.
Fig. 7A and B shows the comparison of FTIR spectra that exhibit dif-
ferent absorption bands. The main peaks in Fig. 7A(a) are charac-
teristic of the mesoporous silica network. The band at 3400 cm�1

is assigned to silanol groups linked to molecular water through
hydrogen bonds with internal SiAOH groups. The broad band at
1655 cm�1 is assigned to absorbed molecular water. Other bands
are as follows: 1100 cm�1 for SiAOASi dissymmetry stretching
vibration, 960 cm�1 for SiAOAH deformation, 805 cm�1 for
SiAOASi symmetry stretching vibration and 460 cm�1 for SiAOASi
bending vibration [57]. The strong bands of OH (3400 cm�1) and
H2O (1655 cm�1) indicate that a large number of OH groups and
H2O molecules are present on the surface, which plays an impor-
tant role in bonding between mesoporous silica and coumarin
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thiourea (I–IV) molecules. In the spectrum of MCM-41-HA,
Fig. 7A(c), some stretching bands that are characteristic of
hydroxyapatite pattern are observed. The absorption bands at
563, 603 and 630 cm�1 were assigned to the vibration in the
PO3�

4 and OH groups of the hydroxyapatite (HA) [58]. The presence
of these IR signals in the nanocomposites spectra suggests a
hydroxyapatite crystal formation in the mesoporous structure. In
the spectra of coumarin thiourea, Fig. 7A(e) and B(c), the character-
istic stretching vibration peaks are 3348 cm�1 NH, 1687 cm�1 C@O,
1301 cm�1 NACSAN, 1258 cm�1 CAO, 1449 cm�1 CAH deforma-
tion of CH3 group (asymmetric) and 1378 cm�1 CAH deformation
of CH3 group (symmetric) vibrations [51]. The presence of couma-
rin thiourea (I–IV) in the MCM-41, MCM-41-HA and MCM-41-
GNRs was confirmed by FTIR (Fig. 7A(b), A(d) and B(b)). The bands
at 3348 cm�1, 1687 cm�1, 1449 cm�1, 1378 cm�1 and 1301 cm�1

are attributed to the presence of coumarin thiourea (I–IV) in the
mesoporous structure. Furthermore, the intensities of OH groups
absorption at 3400 cm�1 and SiAOH at 960 cm�1 are reduced sig-
nificantly after coumarin thiourea (I–IV)-loading.

3.2. Coumarin derivatives (I–IV) release studies

The release kinetics of the coumarin derivatives (I–IV) were
studied for both systems over 265 h as shown in Fig. 8. It was ob-
served that the loaded samples did not show a sharp initial burst
release during the early stage. The initial burst is attributed to
the immediate dissolution and release of the portion of coumarin
derivative located on and near the surface of the disks. This system
presents a small rate of release up to 10 h of assay, followed by a
rather constant release over the subsequent hours. This fact is pos-
sibly related to an interaction between drugs and the mesoporous
silica by hydrogen bonding due the affinity of the functional amide
group of molecules of coumarin thiourea derivatives and the sila-
nol groups present on mesoporous silica. It was observed that
MCM-41-HA system presents a faster release rate during the first
10 h of assays, releasing around 19% of the incorporated coumarin
derivatives (I–IV). After that, it presents a slower rate, showing an
accumulative release of approximately 70% after 265 h of assays.

The release of coumarin thiourea derivatives (I–IV) from differ-
ent matrices follows a diffusion-controlled mechanism according
to Higuchi model [59] in which the quantity released per unit area
is proportional to square root of time. The mechanisms of release
from different matrices include the leaching of the coumarin deriv-
atives to the immersion fluid, which can enter the coumarin deriv-
atives-matrix phase through the pores. The drug is presumed to
dissolve slowly into the fluid phase and to diffuse from the system
along the solvent-filled capillary channels. However, the MCM-41
and MCM-41-HA matrices display a two-step release as shown in
Fig. 9. The deviation from overall linearity is probably related to
different dissolution rates of the silica matrices. A straight line in
the Higuchi plot would correspond to a pure Higuchi type of diffu-
sion-driven release for a carrier where no alteration of the matrix
occurs on the time-scale of the release.

The kinetic rate constants (k in h�1) were evaluated and tabu-
lated in Table 2. The k values decreased after the inclusion of
hydroxyapatite onto the network of MCM-41. This shows that
the HA phase acted as a temporary barrier and prevented the rapid
release of coumarin derivatives during assays. Other factors may
possibly be related to an interaction between the compounds
and the silica mesoporous. Coumarin derivative (I–IV) molecules
contain thioamide groups that can interact with silica silanol
groups by hydrogen bonding. It was observed that the presence



Table 2
Rate constants (k in h�1/2) for first and second stages of coumarin derivatives release
from MCM-41, MCM-41-HA and MCM-41-GNRs.

Sample Stage k (h�1/2) r SD

I MCM-41 First 13.2 0.989 1.062
Second 6.3 0.990 1.997

MCM-41-HA First 8.5 0.929 1.759
Second 3.7 0.986 1.742

II MCM-41 First 13.6 0.989 1.039
Second 6.3 0.984 2.510

MCM-41-HA First 8.8 0.938 1.717
Second 3.9 0.996 0.883

III MCM-41 First 16.4 0.984 1.584
Second 5.3 0.978 2.512

MCM-41-HA First 8.8 0.957 1.378
Second 3.8 0.993 1.221

IV MCM-41 First 16.8 0.982 1.708
Second 5.9 0.976 2.924

MCM-41-HA First 9.5 0.929 1.986
Second 3.9 0.982 2.119

I MCM-41-GNRs First 13.1 0.991 1.088
Second 5.7 0.971 2.001

MCM-41-GNRs irradiated at 807 nm For 5 hrs 16.7 0.966 0.801
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Fig. 10. The early 5 h of sample I release from (s) MCM-41-GNRs and (d) MCM-41-
GNRs irradiated at 807 nm using a diode laser source.
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Fig. 11. Higuchi square root of time plot for the early 5 h of sample I release from
(s) MCM-41-GNRs and (d) MCM-41-GNRs irradiated at 807 nm using a diode laser
source.
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of HA in the silica matrix played an important role in affecting the
percent release from the mesoporous sample. This was ascribed to
the apparent interactions between drug/silica/apatite. In silica/
apatite system, atenolol can interact with calcium species from
HA and silanol groups from silica phase, and this fact can promote
a reduction in a delivery rate, depending where the drug is linked
[17,60]. A second possibility suggests that an apatite layer precip-
itated on the surface of nanocomposite can block the pore opening
and slow down the release of coumarin derivatives (I–IV). For both
MCM-41 and MCM-41-GNRs samples, the early release stages ac-
count for about 29% of loaded coumarin derivative (I). The two
samples have nearly the same release rate constant (13.2 and
13.1 h�1/2 for MCM-41 and MCM-41-GNRs respectively; Fig. 8).

Gold nanorods of suitable aspect ratios (length divided by
width) absorb near infrared (NIR) photons that are a form of heat.
Fig. 3 shows TEM image of GNRs. It can be seen that the GNRs have
an average aspect ratio of 4.0 with length of ca. 50 nm and width
of ca. 12 nm. Fig. 4 shows surface plasmon absorption spectrum of
GNRs. The strong long wavelength band in the near infrared region
around 800 nm is due to the longitudinal oscillation of electrons.
Upon irradiation of MCM-41-GNRs loaded with coumarin deriva-
tive (I) at 807 nm, gold nanorods absorb near infrared (NIR)
photons and the mechanical fluctuations of the particle ultimately
transfer energy to the medium around the particle in a period from
100 ps to 10 ns, depending on the particle size, the medium and
pulse energy. The transfer of energy to the medium depends on
the thermal conductivity of particles and the medium, the heat
capacity of the two, and possibly on solvent viscosity. At this point,
the particle has recovered its ground state and has re-attained
thermal equilibrium with the medium [61]. This leads to temper-
ature increase. Consequently, there is an increase in release by
about 47.6% during the early 5 h. The enhancement ratio of
47.6% was calculated as the ratio of the amounts of release of
irradiated and nonirradiated samples. This is attributed to hyper-
thermia effect of gold nanorods absorbing NIR photons (Figs 10
and 11).

During the first stage of release from MCM-41, bulky cyclohexyl
and phenyl derivatives have higher release rates compared with
smaller size groups (ethyl and allyl groups). In the second stage,
release rates are reversed and the release of smaller group deriva-
tives becomes slightly faster (Table 2).

In case of release from MCM-41-HA, the four studied derivatives
have nearly the same release rate constant values, and no steric ef-
fect was characterized. The existence of two release stages with the
early stage faster than the second may be explained in terms of dif-
ferent adsorption locations. The early stage accounts for the release
of coumarin molecules adsorbed on the outer surface of mesopor-
ous silicate particles. This accounts for about 30% of loaded sam-
ples. This portion of loaded molecules is labile and more bulky
coumarin derivatives (R = cyclohexyl and phenyl; k = 16.4 and
16.8 h�1/2, respectively) are released faster than smaller ones
(R = ethyl and allyl; k = 13.2 and 13.6 h�1/2 respectively). This
may be attributed to a less physical contact between thioamide
groups of coumarin thiourea derivatives and the silanol groups
on silicate particle surfaces leading to less efficient hydrogen
bonding.

The second stage of release is slow and accounts for about 70%
of loaded coumarin derivatives. This stage accounts for coumarin
molecules occupying mesopores of the silicate particles. The re-
lease of these molecules is a diffusion-controlled process in which
bulky hexyl and phenyl derivatives exhibit slightly less diffusion
rate constants (ca. 6.3 h�1/2) compared with less bulky ethyl and
allyl derivatives (k = 5.3 and 5.9 h�1/2 respectively).
4. Conclusions

The applicability of mesoporous silica MCM-41 and MCM-41-
HA materials as matrices for the controlled release was studied
for coumarin thiourea derivatives in which the thiourea moiety is
linked to functional groups of varying sizes. An effort is made to
correlate group size and release rate constants and to establish
the influence of the pore architecture and size on the coumarin
thiourea derivatives release. The results indicated that mesoporous
silica is a potential carrier for encapsulating coumarin derivatives.
The incorporation of HA phase in the mesoporous silica led to a
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significant change in the structure properties of this system, indi-
cating that incorporation of HA blocks spaces of the mesoporous
silica. HA incorporation leads to a decrease in surface area and pore
volume with subsequent reduction in release rate constants. Two
release stages are also observed. The early release stages account
for about 30% of loaded molecules. The presence of HA either on
outer surface of silicate particles or inside their mesopores makes
a leveling of the release rate constants of the four coumarin deriv-
atives regardless of their size. This may be explained in terms of a
more tight binding caused by HA. Unlike HA, loading MCM-41 with
gold nanorods does not affect the release kinetics. Only when these
samples are irradiated with NIR photons, does the release occur
with enhanced rates. This property could be valuable in selected
targeting of drugs.
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