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structured alumina with ultrahigh
pore volume for pH-dependent release of curcumin

Masoumeh Alem,a Aliakbar Tarlani *b and Hamid Reza Aghabozorg*ac

In a new approach, a series of nanoporous non-crystalline alumina (NPA) materials was designed and

developed by an evaporation-induced self-assembly method in the presence of various weight

percentages of tetrabutylammonium bromide (Bu4N
+Br�) versus P123 (0, 24, 30, 56 and 100) as the dual

structure-directing agents. The effect of different amounts of Bu4N
+Br� on the morphology, pore sizes,

and surface area of the samples was carefully monitored. The samples were characterized by N2

adsorption–desorption isotherms, X-ray diffraction (XRD), Fourier transform infrared spectroscopy

(FT-IR), field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM)

and zeta potential instrumentational methods. The obtained samples have relatively high surface areas

(up to 415 m2 g�1), great pore volumes (up to 2.00 cm3 g�1) and large pore sizes (up to 23.0 nm). The

results indicated that higher pore volume (2.00 cm3 g�1) was obtained when only tetrabutylammonium

bromide (namely NPA-100) was used than when only P123 namely NPA-0 (0.5 cm3 g�1) was used as

a template. These new supports were used, for the first time, as an inorganic host for poorly soluble

guest of curcumin (CUR). XRD analysis confirmed the amorphous state of CUR after being loaded into

the NPAs, which is indicative of the full dispersion of the drug into the pores. The in vitro release

behavior of these compounds was studied in simulated gastric fluid (SGF, pH ¼ 1.2) and simulated

intestinal fluid (SIF, pH ¼ 6.8). The result indicated that the release of insoluble curcumin reached 80% in

SGF when it was supported on alumina with ultrahigh pore volume. Moreover, this carrier showed high

drug adsorption. The potential of the NPA-100@CUR in protecting SH-SY5Y cells from oxidative stress

by toxin 6-OHDA that caused parkinsonian was tested. The results indicated that the formulation

neutralizes 6-OHDA toxicity and significantly enhances cell survival.
1. Introduction

Nanoporous materials opened a new area in the tailoring and
highlighting nanotechnology1,2 due to their unique properties
such as similar pore size, high surface area and tunable struc-
ture.3 It can be claimed that mesoporous materials have
potential to be used in various elds as ideal adsorbents and
catalysts. There are numerous types of nanoporous materials
based on the pore size and structure.4–6 The rst version of
mesoporous materials was fabricated based on silica, and then
mesoporous carbons7 and other metal oxides8–10 were eventually
developed. Among them, mesoporous silica has widespread
potential for drug delivery systems because of its favorable
properties such as small size, the surface chemistry of the pores
and good biocompatibility.11–13 In this contribution, nano-
porous alumina represents a very interesting molecular sieve
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due to its heat resistance, tolerating pH stress, high surface
area, tunable pore size distribution, high density of surface
hydroxyl groups, abundant Lewis acid sites, high capacity of
loading, low toxicity and high mechanical stability.14,15 Their
properties sparked consideration for their use in various
applications such as in catalysis,16 adsorbents17 and gas-
capturing.18 Several synthetic strategies have been reported by
different methods such as sol–gel and evaporation-induced self-
assembly (EISA)14,19 relying on different reagents such as
(EO)20(PO)70(EO)20 triblock copolymer in the presence of addi-
tives such as citric or nitric acid,20 organic acids,21,22 and (tri-
methylbenzene) TMB.19 They can interact with surface hydroxyl
groups of alumina via hydrogen bonding that affects the pore
size and shape.23 Thus, there is a connection between the
synthesis procedure and the surface chemical properties of
alumina.

Generally, the template synthetic method (hard or so
template) is considered to be the most effective route to prepare
the nanostructures that enable the tuning of their pore sizes.
Using the mixed surfactant/cosurfactant system has been
considered as a better method to control the size and shape of
the nanoparticles over using single surfactant.24 In cationic
RSC Adv., 2017, 7, 38935–38944 | 38935
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surfactant/pluronic systems, it is difficult to obtain a uniform
size distribution and the role of the cationic surfactant is not yet
claried.25 The interaction between the ionic surfactant and the
triblock polymers (TBP) has been detected to be highly depen-
dent on the nature of the ionic surfactant. In general, the
interactions between cationic surfactants and pluronic poly-
mers are less facile than the corresponding interactions
between the same polymers and anionic surfactants.26 For
cationic surfactants, a weak interaction with TBP has been
observed, which is called the synergetic interaction.27 It has also
been noticed that this type of mixed surfactant leads to the
formation of smaller aggregates.28 In all CTAB–pluronic
systems, the hydrophilicity of the pluronics is affected by
combining the alkyl tail of the cationic surfactant with the
polypropylene oxide core.29 Recently, synthesis of ferric-silica
nanoparticles using TBAB as a templating agent and P123 as
a regulator of the silicon oxide grain growth has been re-
ported.30 Preparation of nano- and microplates of gold using
P123 and TBAB as capping agents is an effective way to produce
particles with a controllable shape.31 Curcumin is a naturally
derived polyphenol, obtained from a perennial herb, which has
various therapeutic features including anti-inammatory, anti-
tumor, antioxidant and antimicrobial activities,32,33 and specif-
ically, a neuroprotective activity.34 The main disadvantages in
using curcumin are its low solubility in water under an acidic
media and its rapid hydrolysis under alkaline conditions.35,36

Therefore, the uptake of curcumin on a suitable support with
high surface area to generate a reasonable release prole is very
crucial in the improvement of the pharmaceutical behavior of
curcumin. Attempts have been made to prepare different
formulations such as encapsulation of curcumin with lipo-
somes, polymers, micelles or nanoparticles.37–39 Recently, mes-
oporous silica coated with lipid and b-CD,40,41 tannic acid–Fe(III)
complex41,42 and superparamagnetic materials43 has been
investigated for the release and target delivery of curcumin.
Owing to the pH sensitivity of the mesoporous silica surface, it
is useful in increasing the bioavailability of curcumin. In
addition to silica, surface engineering metal oxides such as
CoFe2O4 and ZnFe2O4 nanoparticles were used by coating with
PEG and chitosan, which acted as curcumin delivery vehicles.44

Moreover, some series of bioactive glass substituted with
xCe2O3, xGa2O3 and xZnO have applications in drug delivery;
however, the rate of release of the drug varies with the change in
the concentrations of Ce, Ga and Zn, because curcumin as
a hard Lewis base has affinity toward hard Lewis acids such as
Ga3+ and Ce3+ ions.45 Nevertheless, the release of curcumin in
various media is still disregarded. Therefore, inclusion of drug
molecules inside different pores can preserve them in different
body uids.46 The important parameters in drug loading are
surface area, pore volume and hydroxyl-rich character of the
inorganic support. It was reported that the pore volume of
mesoporous carriers is directly related to the drug-loading
amount and the drug release rate.47

In addition, there are also a few reports on using nanoporous
alumina as a support for drug delivery in comparison with
mesoporous silica. During recent years, researchers have been
using commercial alumina as a support for drug delivery of
38936 | RSC Adv., 2017, 7, 38935–38944
ibuprofen,48 while this study deprived using tunable porosity
and more hydroxyl-rich density located on the walls, which is
a key factor for the support.15 In another study, ketoprophen
was loaded into mesoporous alumina and only a single
structure-directing agent was used in each synthesis, which
limited us from obtaining tailored alumina.49

Herein, future potential applications of amorphous or non-
crystalline alumina inspired us to develop new synthetic
alumina by controlling the dual structure-directing agents (DSDA)
containing quaternary ammonium salts such as tetrabuty-
lammonium bromide (TBAB) and P123 as a new effective mixed
template for the preparation of nanoporous alumina. TBAB as
a co-surfactant mixed with P123 plays an important role in the
assembly of nanoporous alumina. Different TBAB weight
percentages of 0, 24, 30, 56 and 100 led to unique platforms. These
materials with different traits and varieties of surface area, high
pore volume and dissimilar pore size, for the rst time, have been
used as a support for the release of curcumin. In addition, the
weight percentage of 100 for TBAB (in the absence of P123) led to
a very high pore volume with an immense potential for prolonged
curcumin release, which is a very important factor for drug release
that will open important prospects for further applications.
2. Experimental
2.1. Materials and reagents

Aluminum-tri-sec-butoxide (97%) and Pluronic P123 (EO20-
PO70EO20, Mw ¼ 5800) were obtained from Sigma-Aldrich Co.
Tetrabutylammonium bromide (TBAB), hydrochloric acid
(HCl, 37%), and absolute ethanol (99.98%) were purchased
from Merck Co. Curcumin was obtained from Exir Nano Sina
Co. All the materials were of pro-analysis grade and used
without further purication.
2.2. Methods

2.2.1. Characterization of the materials. Infrared spectra
were recorded on the Shimadzu Model FT-IR 4600 spectrometer.
X-ray diffraction patterns were obtained on the Bruker D8
diffractometer with CuKa radiation. The morphology of the
samples was examined via eld emission scanning electron
microscopy (FE-SEM) with a Mira 3-XMU system under high
vacuum at an ambient temperature with a beam voltage of
10–20 kV. Transmission electron microscopy (TEM) was per-
formed using the PHILIPS EM 208 microscope. The surface areas
of inner pore walls were evaluated by the Brunauer–Emmett–Teller
(BET) method using Belsorp mini. The pore volume and pore size
distributions were calculated from the adsorption branches of
isotherms using the Barrett–Joyner–Halenda (BJH) model. The
zeta potential of nanomaterials was measured using a Zetasizer
ZS, Malvern Instruments. In vitro tests for curcumin release were
carried out using the UV-Vis spectra of solutions in the range of
200–500 nm using the DR 5000 HACH spectrophotometer.

2.2.2. Synthesis of amorphous nanoporous alumina
(NPA-n). The nanoporous alumina materials (NPA-n) were
synthesized under EISA approach. The weight percentage of
TBAB was obtained using the following eqn (1):
This journal is © The Royal Society of Chemistry 2017
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TBAB ðwt%Þ ¼ TBAB ðweightÞ
TBAB ðweightÞ þ P123 ðweightÞ � 100 (1)

Different weight percentages of TBAB (0, 24, 30, 56 and 100
denoted as NPA-0, NPA-24, NPA-30, NPA-56 and NPA-100,
respectively) were added to a mixture of EtOH (20 mL) and
HCl (37%, 1.3 mL) and stirred at 40 �C for 3 h. Then, 2.46 g
(9.9 mmol) of aluminum-tri-sec-butoxide was added to the
reaction mixture at the same temperature, and the mixture was
stirred for 20 h. Finally, the solution was poured into a Petri dish
and dried at 60 �C for 24 h. In this step, to remove the template,
the obtained samples were annealed by raising the temperature
up to 550 �C at a heating rate of 1 �C min�1 and kept for 5 h.

2.2.3. Loading of curcumin into nanoporous alumina
(NPA-n@CUR). In this study, the aim was to obtain the accurate
drug-loading amount of 16.66%, because higher percentages
did not result in a suitable release prole. In detail, curcumin
was dissolved in ethanol to obtain a highly concentrated solu-
tion, which was then mixed with a certain amount of carrier to
yield samples with a drug–alumina ratio of 1 : 5 (w/w). Curcu-
min weighing 0.0067 g (0.019 mmol) was dissolved in EtOH
(0.5 mL) and then, 0.0337 g of the desired NPA-n was added to
the solutions under vigorous stirring. Aer 12 h, the solvent of
each reaction mixture was removed using a rotary evaporator
and the solid was collected for next experiments.

2.2.4. Adsorption drug. In the adsorption test,50 33.5 mg of
NPA-n carriers was dispersed in 12 mL of methanol solution of
CUR (6.7 mg). The resulting mixture was stirred at room
temperature for 12 h. Following this, all samples were centri-
fuged and the supernatant CUR was monitored using a UV-
visible spectrophotometer at a wavelength of 428 nm. The
amount of the adsorbed drug in equilibrium state was calcu-
lated from the curcumin concentration in the solution before
and aer adsorption according to eqn (2):

Qo ¼ ðCo � CeÞV
m

(2)

where Qo (mg g�1) is the amount of curcumin adsorbed in the
equilibrium state; Co (mg dm�3) and Ce (mg dm�3) represent
the initial and equilibrium concentrations of curcumin,
respectively; V (dm3) is the volume of adsorbate solution and m
(g) is the mass of alumina adsorbents.

2.2.5. In vitro drug release experiments. The in vitro drug
release experiment was performed in two different release
media (simulated gastric uid (SGF), pH ¼ 1.2 and simulated
intestinal uid (SIF), pH ¼ 6.8) at 35 �C under stirring at
125 rpm in a dark room. For each test, 0.05 g of the desired NPA-
n@CUR sample was added to each of these two buffers and
studied independently. The concentration of the released cur-
cumin was analyzed using a UV-Vis spectrophotometer at
lmax ¼ 428 nm by a blank correction method.

American Type Culture Collection (ATCC) with Catalog #:
CRL-2266.

2.2.6. Cell culture and MTT viability assay. To assay the
drug activity, different concentrations of the prepared sample
were used, and for each of them a SH-SY5Y (American Type
This journal is © The Royal Society of Chemistry 2017
Culture Collection (ATCC) with Catalog #: CRL-2266) neuroblas-
toma cell line was used. These cells were cultured in Dulbecco's
Modied Eagle's medium (DME), which was supplemented with
L-glutamine, penicillin and streptomycin (1%) and fetal bovine
serum (10%). Then, it was incubated at 37 �C under an atmo-
sphere of CO2 (5%). The cells were split by trypsinization when
they reached 85–90% conuence. LD50 dose of 6-hydroxy dopa-
mine (6-OHDA) toxin was obtained by treating the cells with their
various concentrations under 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl tetrazolium bromide (MTT) viability assay for 12 h.
For this purpose, a 0.5 mg mL�1 stock solution of MTT (Sigma)
was prepared in PBS (phosphate buffered saline) with pH ¼ 7.2,
and lter sterilization was carried out before storing it at 4 �C
until use. From this stock solution, 20–180 mL of free DME
serum was added in each well and incubated the cells at 37 �C
with under 5% CO2 for 3 h. Finally, this medium was replaced
with 200 mL of DMSO (dimethyl sulfoxide). Then, the cells were
incubated for 5 min and the absorbance was measured at
580 nm. The percentage of survival for controlling cells was
determined and the data normalized to control, and their
survival percentage was obtained. In order to examine the effect
of NPA-100@CUR on cell survival, the cells were expanded and
cultured in 96-well plates for 24 h. Serial concentrations of the
nanodrug were prepared in DME and they were added to the cells
for 12 h. Eventually, we added the LD50 equivalent of 6-OHDA to
the cells and incubated them for another 12 h. Finally, the cells
were subjected to the MTT assay.

2.2.7. Statistical analyses. All data were collected and con-
verted to graphs using Microso Office 2013 Excel. Then,
statistical data were analyzed using SPSS version 17. Cellular
data are expressed as mean� standard error of the mean of two
or more separate experiments. Each assay was carried out in
triplicates. Student's t-test was used to analyze the differences
between two different groups. Differences among three or more
groups were analyzed by one-way analysis of variance (ANOVA),
followed by a post hoc Duncan multiple-comparisons test.
We considered a value of P < 0.05 as statistically signicant and
P < 0.01 or P < 0.001 as highly signicant.

3. Results and discussion
3.1. N2 adsorption–desorption isotherms

Nitrogen adsorption and desorption isotherms of the nano-
porous alumina and CUR loaded samples are depicted in Fig. 1
and the detailed textural parameters are listed in Table 1.

In this study, the mixtures of TBAB and P123 with various
weight percentages of TBAB (e.g. NPA-0, NPA-24, NPA-30, NPA-56
and NPA-100) are used as DSDA for synthesis of a series of NPAs
under acidic conditions to generate different mesoscopic struc-
tures. By changing the weight percentage of TBAB, the pore size,
surface area and pore volume got altered, and hence, the hydro-
phobic curcumin was loaded into NPA-n in order to obtain
different drug release behaviors. N2 adsorption–desorption
isotherms for bare NPA-n materials and NPA-n@CUR, before
(Fig. 1a) and aer (Fig. 1b) drug loading, show a type IV isotherm51

with sharp capillary condensation at high relative pressures, with
H1-type hysteresis loop with well-dened pore channels. Similarly,
RSC Adv., 2017, 7, 38935–38944 | 38937
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Fig. 1 N2 adsorption–desorption isotherms of (a) NPA-n and (b) NPA-n@CUR.

Table 1 Results of BET analysis for all samples

Sample
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

NPA-0 114 0.5 17.91
NPA-24 277 0.83 12.12
NPA-30 415 0.60 5.64
NPA-56 313 0.52 6.74
NPA-100 346 2.00 23.00
NPA-0@CUR 70 0.27 15.81
NPA-24@CUR 196 0.53 10.88
NPA-30@CUR 194 0.40 8.11
NPA-56@CUR 137 0.30 8.50
NPA-100@CUR 207 1.30 8.50
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the adsorption–desorption isotherms of NPA-100 showed type IV
isotherm and H3-type hysteresis loop with a narrow gap in the
volume difference at high relative pressures, reecting textural
larger pores formed between foam-like particles.52

The sample NPA-0, which was synthesized only using P123, has
a low surface area of 114 m2 g�1, but when the weight percentage
of TBAB reached 30, there is an increment in the surface area up
to its maximum amount (415 m2 g�1). Taking this into account,
when TBAB alone was used as the template (sample NPA-100),
it showed unique and extraordinary specic pore volume
(2.00 cm3 g�1), surface area (346 m2 g�1) and pore size (23 nm) in
comparison to the other samples using P123 as the only structure-
directing agent.20 The high pore volume of the nanoscale metal–
organic and silica compounds may be due to the aggregation of
quaternary ammonium ions.53,54 When TBAB alone was used for
the synthesis, the capillary condensation step shied gradually
from the relative pressure (P/P0) of about 0.5 to 1. This observation
for NPA-100 proves the onset of capillary condensation and indi-
cates it as an intensively porous structure. This new nanoporous
alumina NPA-100 with intriguing porosity parameters, particu-
larly high surface area and excellent pore volume (2.0 cm3 g�1), is
a good candidate for the inclusion of different molecules. On the
other hand, the elimination of P123 did not show any inhibiting
activity in the formation of the new nanoporous alumina in the
presence of Bu4N

+Br� with promising properties that were not
38938 | RSC Adv., 2017, 7, 38935–38944
reported to date.30 Moreover, TBAB has short, less hydrophobic
butyl groups that can be located on the hydrophobic/hydrophilic
interface in P123 (PEO–PPO–PEO), but it does not inosculate into
PPO domains or interact weakly with PPO.26 Therefore, these
effects may result in less orientation of nanoporous alumina.31 In
addition, TBAB can move more freely than other cationic surfac-
tants, leading to the less-oriented structure and resulting in
diversity of morphologies due to alumina aggregation.55 For NPA-
56, the surface area decreases due to the increase in the weight
ratio of TBAB when the optimum weigh ratio of 30 fails to
enhance the surface area, which indicates that excess of TBAB
would impair the role of P123 in the structure formation. It can be
assumed that at optimum molar weight in the one-step assembly
process, a high surface area was created,56,57 so that the existence
of P123 could create mesoporous channels in order to avoid
collapsed meso-structures. Moreover, for NPA-100 with only TBAB
as the surfactant, the surface area was decreased due to the
existence of acidic medium (HCl).58

By loading curcumin into nanoporous materials (NPA-n), the
specic surface area and pore volume decreased for all samples
(Fig. 1b and Table 1), which indicates the incorporation of CUR
into the pores and their interaction with the hydroxyl groups. A
reduction in the pore diameter aer loading was noticed for NPA-
0@CUR, NPA-24@CUR and NPA-100@CUR, whereas a pore size
enlargement was determined for NPA-30@CUR andNPA-56@CUR
samples that could be assigned to the total lling of smaller pores
and the remaining several free larger pores.59 Moreover, the
increase in pore size can be attributed to an inhomogeneous
distribution of CURmolecules in pores (Table 1)60 and blocking of
smaller pore size during the loading process.12 The pore size
distribution of the latter carriers clearly shows this phenomenon
(Fig. 1a). The closure point (P/P0) of the hysteresis loop was
decreased for all samples, indicating a decrease in pore sizes.
3.2. FE-SEM analysis

FE-SEM images of all synthesized samples and drug-loaded
mesoporous carriers (NPA-100@CUR) are shown in Fig. 2; their
high pore volume and high drug release rate in both media were
analyzed to study the morphology of NPA-n, which is obtained
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FE-SEM images of (a) NPA-0, (b) NPA-24, (c) NPA-30, (d) NPA-56, (e, f) NPA-100, (g, h) TEM image and (i, j) SEM image of NPA-100@CUR.
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under various conditions using different weight percentages of
TBAB, asmentioned earlier in this study. All samples that contain
P123 are nanoparticles and have a relatively spherical shape. The
smallest nanoparticle is related to NPA-30, and BET analysis
indicated a larger surface area (415 m2 g�1) for NPA-30 than for
NPA-100 (346 m2 g�1) with different nanoake shapes. SEM
photograph of NPA-100@CUR revealed that CUR is well
dispersed into themesopore, since no pattern for crystalline CUR
was observed in XRD. Moreover, a decrease in pore volume
indicated the incorporation of CUR into the mesopore.
3.3. FT-IR characterization

To determine the interaction of curcumin with the NPA-n
materials, FT-IR was used. All supports show broad bands at
about 1635 and 3500 cm�1, which are attributed to –OH
bending and stretching vibrations, respectively61 (Fig. 3a). The
observed bands in 600–873 cm�1 region can be ascribed to Al–O
This journal is © The Royal Society of Chemistry 2017
bending vibrations and Al–OH wagging or rocking mode of
molecular water in amorphous alumina,62 and the appearance
of bands in this region represents aluminum ions in the octa-
hedral and tetrahedral environments.63 The peak at 1384 cm�1

belongs to exural vibrations of hydroxyl groups.64 As can be
seen in Fig. 3b, pure curcumin shows several peaks at
3511 cm�1 (–OH vibration), 2943 cm�1 (C–H stretching vibra-
tion of –C–O–CH3), 1603 cm�1 (C]C benzene inter-ring
stretching), 1629 and 1509 cm�1 (stretching vibrations of
C]O), 1282 cm�1 (aromatic C–O stretching), 1428 cm�1

(olenic C–H bending vibration), 1371 cm�1 (CH3 bending) and
800–880 cm�1 (out-of-plane C–CH of aromatic ring). The
observed band at 1000–1300 cm�1 in CUR can be typically
attributed to symmetric and asymmetric C–O–C chains.65–67

Fig. 3b reveals the existence of the CUR on NPA-n. The sharp
peak of C]O stretching at 1514 cm�1 that shied from
1509 cm�1 can be due to a hydrogen bond with the enol form of
CUR. Moreover, the shi of C]O vibration peaks from 1629 to
RSC Adv., 2017, 7, 38935–38944 | 38939
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Fig. 3 FT-IR images of NPA-n materials (a) before and (b) after loading pure drug.

Fig. 4 XRD patterns of NPA-n materials, (a) before and (b) after curcumin loading.
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1625 cm�1, 1603 to 1600 cm�1 and 1282 to 1287 cm�1, and high
reduction of intensity at 1428 cm�1 and 1603 cm�1 can be
ascribed to the interaction of drug molecules with the supports.
3.4. XRD analysis

XRD patterns of the samples are shown in Fig. 4a. This gure
indicates that all NPA-n are amorphous alumina. This result is
reasonable due to the fact that these samples are calcined at
550 �C, whereas the crystallization temperature should be in the
range of 800–900 �C.68 As shown in Fig. 4b, characteristic
diffraction peaks of CUR are not detected in the drug-loaded
NPA-n, indicating that nano-sized pores restricted crystal
formation of the drug, which is an advantage in the preparation
of the nanodrugs.69 It was supposed that the crystallization of
CUR was remarkably hindered and suppressed when con-
strained into nanoporous alumina.70 Since XRD pattern of
curcumin is crystalline, amorphous XRD of NPA-n@CUR
revealed that most of the drug is dispersed inside the pores
interacting with the Al–OH groups located in the pore walls.
This phenomenon is conrmed by decreasing the pore volume
38940 | RSC Adv., 2017, 7, 38935–38944
aer loading the drug onto the NPA-n surface. These XRD
patterns conned to the pores of an amorphous carrier and
proved that CUR did not crystallize on the surface of the carrier;
therefore, the solubility of curcumin (as insoluble drug) was
increased substantially.71
3.5. Zeta potential analysis

Zeta potential (z) was measured for all NPA-n samples to obtain
the surface charges. Therefore, all of the materials were
dispersed in an aqueous phase. The obtained results are pre-
sented in Fig. 5. All platforms of NPA-n had positive surface
charges (from +3 to +30 mV), whereas in the case of pure cur-
cumin, the surface charge was negative (�13 mV). As can be
seen, the positive charge of NPA-n gets increased directly by
enhancing the n or TBAB portion of the substrate versus P123.
TBAB (quaternary ammonium ion) increases the surface charge
density72 because of the positive character of the ammonium
ion (Bu4N

+) versus the neutral character of P123 polymer.
According to Elsheikh's report, concerning the effect of zeta
potential of the nanocarrier on the stability of these compounds
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Zeta potential of synthesized NPAs.

Fig. 6 In vitro release behavior of curcumin loaded NPA-n in (a) SGF and (b) SIF.
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in an aqueous medium,73 NPA-100 with the highest positive
number (+30 mV) is the most suitable support for loading the
drug. Therefore, maximum Dz between NPA-100 and curcumin
increases the probability of slowing down the release rate as
a key factor in drug delivery.74
3.6. In vitro drug release

As mentioned in Section 2.2.4, the in vitro drug release experi-
ment was performed in two different release media. With the aim
to analyze the effect of pH change on the release assay, CUR was
loaded into the nanoporous matrix until it acted as a device for
the drug release. The experiments were evaluated under simu-
lated gastric uid (pH ¼ 1.2, SGF) and simulated intestinal uid
(pH¼ 6.8, SIF) because the CUR loaded into the nanopores has to
be passed when administrated orally. The proles of release are
shown in Fig. 6. Releases of ve loaded curcumin on various
nanoporous aluminas into SGF (Fig. 6a) exhibited two types of
release behaviors; an initial fast and then slow release. About 48,
60, 55, 49 and 51% of CUR were released during 50 min from
NPA-0, NPA-24, NPA-30, NPA-56 and NPA-100, respectively. The
nal CUR release reached 65, 90, 85, 60 and 79% within 12 h,
respectively. Then, the release prole became constant with time,
indicating cessation of curcumin release.75 Clearly, the drug
uptake took place close to the mouth channel or onto the
nanoporous surface of the carriers, which caused an increase in
the release rate of the drug. In other words, the presence of drug
in the outer pores of mesoporous materials76 slows the drug
release as a result of the highly ionizable phenolic acid group
present on the nanoporous surface. There are unreleased cur-
cumin in the carriers because of the intermolecular hydrogen
This journal is © The Royal Society of Chemistry 2017
bonding between the drug and hydroxyl groups located on the
surface.77 Therefore, the reduced electrostatic attraction
promoted faster release from mesoporous carriers. This prole
was conrmed by the zeta potential for NPA-6 (+3 mV) and CUR
(�13 mV). Curcumin has a hard Lewis base feature with a pKa of
8.3 and is well known as a negatively charged drug that gets
protonated in the acidicmedium of the in vitro test and altered to
ionic form, which undergoes fast release, and the solubility
increases in SGF.78 Therefore, the release prole is promoted
faster in this medium by considering the high contact between
the aggregated drug on the nanoporous surface and the acidic
release medium;79 this interaction is very weak in the presence of
an acidic medium. On the other hand, about 43, 38, 36, 50 and
68% curcumin were released from SIF at the same supports over
a period of 12 h (Fig. 6b). It was observed that NPA-100 with high
pore volume is a super carrier for curcumin release in the both
media (79% in SGF and 68% in SIF). Large pore volume makes it
facile for the diffusion and adsorption of biomolecules.80,81

Consequently, this prole of drug showed that NPA-100 can be
investigated as a suitable carrier for curcumin release. In addi-
tion, different surface areas, pore volumes and pore sizes in
nanocarriers result in difference in the time needed for the drug
molecules to diffuse from the pores into media.82 Adsorption test
of CUR was carried out for NPA-n mesopores. All NPA-0, NPA-24,
NPA-30, NPA-56 and NPA-100 samples exhibited adsorption
capacities of 4.27, 5.76, 5.37, 4.65 and 5.91 mg. The NPA-100 has
high capacity for adsorption of drug and is a suitable carrier for
drug. Moreover, based on these results, it seems that the
adsorption and release of CUR will be mainly affected by the
electrostatic attraction.83
RSC Adv., 2017, 7, 38935–38944 | 38941
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Fig. 7 The protecting effect of NPA-100@CUR on SH-SY5Y cells. Each
column represent data collected from two separate experiments each
carried out in triplicate. Statistical differences between samples treated
with various concentrations of the drug with the wild-type (WT) cells
are indicated by * or **, whereas their differences with the untreated
control (column 3) are indicated by ##. 6-OHDA, 6-hydroxy dopa-
mine; CUR, curcumin.
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3.7. Release kinetic

To study the characteristics and the kinetics of released curcu-
min from all supports, we applied the rst-order, Korsmeyer–
Peppas and Higuchi models (eqn (3)), and the data are pre-
sented in Table 2:

ðiÞ Korsmeyer� Peppas Mt=MN ¼ Ktn

ðiiÞ Higuchi W ¼ KHt
1=2

ðiiiÞ First-order Q ¼ Qmax½1� expð�k1tÞ�
(3)

where Mt/MN is the fractional CUR release percentage at time t;
K, KH and K1 are the rate constants; W is the proportion of drug
release at time t; Q is the amount of drug release as a function of
time; Qmax is the maximum amount of drug release and n is the
diffusional exponent that shows the drug transport mechanism.
Based on the Korsmeyer–Peppas equation, the values of n# 0.45
are well known for Fickian diffusion. The values of n between
Table 2 Results of kinetic fitting parameters of the in vitro CUR released

Release media Formula First-order model

SGF (pH ¼ 1.2) NPA-0@CUR 0.7578
NPA-24@CUR 0.7361
NPA-30@CUR 0.7634
NPA-56@CUR 0.7634
NPA-100@CUR 0.7458

SIF (pH ¼ 6.8) NPA-0@CUR 0.789
NPA-24@CUR 0.7989
NPA-30@CUR 0.9744
NPA-56@CUR 0.7815
NPA-100@CUR 0.7567

a K, rate constant; n, the release exponent; R, correlation coefficient.

38942 | RSC Adv., 2017, 7, 38935–38944
0.45 and 0.89 are attributed to non-Fickian or anomalous
transport. An exponent value of 0.89 is indicative of case II
transport and typical zero-order release for n > 0.89, respec-
tively.84 Fitting of the NPA-n@CUR to the Korsmeyer–Peppas
model shows n values less than 0.45 for the samples in SGF,
which followed a Fickian diffusion mechanism, and the initial
release is fast in these cases.85 On the other hand, the n value for
SIF was between 0.48 and 0.63, dening a non-Fickian diffusion
process. Next, the kinetics parameter of the Higuchi model was
evaluated. The data for NPA-n@CUR at pH ¼ 1.2 and pH ¼ 6.8
show that the entire release system followed this model because
of their higher linear correlation coefficients (r2 > 0.94). The
correlation coefficient values of different formulations are low
in the rst-order model. Thus, this model was not used to
distinguish themechanism in NPA-n@CUR.Moreover, from the
Korsmeyer–Peppas and the Higuchi model, good linear ts were
achieved at pH ¼ 6.8.
3.8. Cell viability

The cell viability assay showed that while treatment of SH-SY5Y
cells with 6-OHDA per second reduced the cell viability to 56%,
exposure of the cells to NPA-100@CUR neutralized the toxicity
and boosted cell viability (P < 0.01), and 7.3 mg L�1 of the drug
increased the viability to 96% (Fig. 7). However, beyond this
concentration of the drug, cell viability showed no tangible
increase. As shown in Fig. 7, treatment with the drug per second
increased the cell viability by over 140%, indicating that NPA-
100@CUR has stimulated cell growth as its mechanism of cell
protection against toxicity.
4. Conclusion

In summary, for the rst time, TBAB and P123 were found as
new template mixtures for the synthesis of nanoporous amor-
phous alumina materials with various porosities and zeta
potential charges (z ¼ +3 to +30). Using TBAB alone demon-
strated an incredibly large pore volume (2 cm3 g�1) of alumina
materials. Enhancement of TBAB versus P123, also, increased
from different supportsa

, R2 Higuchi model, R2

Korsmeyer–Peppas
model

n R2

0.9434 0.22 0.7299
0.9434 0.19 0.6886
0.9434 0.20 0.6998
0.9434 0.09 0.4050
0.9434 0.21 0.7147
0.9845 0.48 0.9380
0.9845 0.55 0.9486
0.9434 0.51 0.9486
0.9434 0.63 0.9753
0.9845 0.60 0.9701

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03231e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
2:

14
:0

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the positive surface charge up to +30 for NPA-100. Signicant
improvement in curcumin release with diminished initial burst
was particularly observed for NPA-100@CUR. Considering
kinetic data, the Higuchi and Korsmeyer–Peppas models were
chosen as the best parent models for NPA-n@CUR at pH ¼ 6.8.
In addition, the MTT assay showed the best enhanced cell
viability of 96% for NPA-100@CUR.
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