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Abstract
Mesoporous silica nanoparticles (MSNs) have received a lot of attention due to their wide range
of applications in the delivery of poorly soluble phytochemicals like curcumin (CUR). Given that pore
diameter and particle size determine the specific surface area, as well as drug loading in mesoporous
nanoparticles, in the present study, we developed MSNs with varying pore sizes to investigate their effects on CUR loading. Dynamic light scattering (DLS), field-emission- scanning electron microscopy (FESEM), and Brunauer-Emmett-Teller (BET) analyses were used to characterize the MSNs. CUR was loaded
into MSNs using solvent evaporation method, and the drug loading was determined using UV spectroscopy. Results revealed that the MSN synthesis condition had a significant effect on pore size and particle
diameter. According to FE-SEM micrographs, MSNs had a nearly spherical shape. DLS results indicated
particle sizes ranging from 25 to 100 nm. According to the BET findings, pore size and specific surface area
varied in range of 4 - 8 nm and of 570 - 1180 m2/g, respectively. In addition, CUR loading efficiency and
loaded amount were 75% and 33% in optimal conditions, respectively. These findings supported the use of
MSNs to load and deliver CUR as a poorly soluble drug in a variety of pathophysiological conditions.
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1. Introduction
Curcumin (CUR), a hydrophobic natural
polyphenol derived from Curcuma longa, exhibits a wide range of pharmacological properties,
including antioxidant, anti-inflammatory, and antimicrobial properties. However, its medical applications have been hampered by its low solubility
and bioavailability. CUR has an extremely low
solubility at pH values ranging from 1.2 to 7.4,
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which are physiological pH values of the gastrointestinal tract. Moreover, CUR is prone to rapid
autooxidation and hydrolysis in alkaline aqueous
solutions, undergoes photodegradation, and has a
short half-life due to rapid pre-systemic metabolism in the intestinal wall (1). Numerous delivery
systems have been suggested to address these issues, including CUR microencapsulation in liposomes (2), polymeric micelles (3, 4), conjugates
(5), and inorganic nanoparticles such as mesoporous silica nanoparticles (MSNs).
Over the last decade, a plethora of inorganic nanoparticles have been produced for drug deReceived: 12/03/2022; Accepted: 01/09/2022
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livery. MSNs have several advantages, including a
unique structure with tunable pore and particle sizes, a high specific surface area, ease of functionalization, and high biocompatibility. Silica materials
are classified as “Generally Recognized as Safe”
(GRAS) by the FDA and are used in cosmetics and
as a food-additive. Their porous structure allows
for a high drug loading as well as modified drug
release (6-8). Advancements in the synthesis of
MSNs with controlled particle size, morphology,
and porosity, as well as their chemical stability,
have made silica matrices appealing in drug delivery (8-10). MSN delivery systems have shown
to improve CUR solubility and bioavailability (1,
11-13), pH-sensitive release (14, 15), redox-sensitive release (16), targeted delivery (10, 17-19), and
combined bioimaging (20). According to the literature, nearly 12% CUR can be dissolved after 25
h in phosphate buffer (pH 7.4, 37 °C), indicating
that free CUR has a sustained dissolution profile
(17). However, depending on the MSN physical
characteristics and surface chemistry, MSN loading has shown enhanced CUR dissolution/release
(16, 17).
MSN synthesis follows a self-assembly
mechanism in which reactant ratios and experimental conditions control the physical, chemical,
and structural properties of the nanoparticles. Cationic cetyltrimethylammonium bromide (CTAB)
surfactant is commonly employed in the synthesis of MSNs as a porogen due to strong electrostatic interactions with silica precursors, resulting
in MSN pore sizes of about 3 nm. For successful drug delivery applications, MSNs with larger
mesopores and homogenous particle size distribution are often required (8). To this aim, we designed MSNs with tunable pore and particle sizes
for high-capacity loading of poorly soluble drugs
(21). The synthesis approach entails the hydrolytic
condensation of a tetraorthosilicate (TEOS) precursor and the polymerization of methyl methacrylate (MMA) at the same time in a homogeneous
dispersion of n-heptane in water. We previously
demonstrated that pore sizes could be tailored in
range of 2-7 nm while maintaining a high specific
surface area (600-1200 m2/g). Moreover, different
volume ratios of n-heptane/water produced sizes
ranging from 25 to 100 nm (22). In another study,
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mesoporous silica nanocomposites made of polymerized alkyl methacrylate monomers such as
methyl methacrylate, butyl methacrylate, or a mixture of methyl methacrylate and acrylic acid have
been used to improve silibinin dissolution and antioxidant activity. Nanoparticles had a spherical
shape, a small size (20 nm), a substantial pore volume (1.6 cm3/g), and a significant silibinin loading (19%) (23). In the present study, we utilized
Brunauer-Emmett-Teller (BET), field emission scanning electron microscopy (FE-SEM), dynamic light scattering (DLS), and UV spectroscopy
methods to investigate the effect of MSN surface
area on CUR loading parameters.
2. Materials and methods
2.1. Materials
Tetraethyl orthosilicate (TEOS) was supplied from Merck (Germany). Cetyltrimethylammonium ammonium bromide (CTAB) was
purchased from DaeJUNG (South Korea), while
methyl methacrylate (MMA), L-lysine, and
4,4′-Azobis (4-cyanovaleric acid) (ACVA) were
supplied from Sigma-Aldrich. All aqueous preparations were made from deionized water prepared
by MilliQ3 (Millipore, USA).
2.2. MSN preparation
In a typical reaction, 300 mg CTAB was
dissolved in 96 mL of deionized water. At 70 °C,
the mixture was N2-purged for 45 min. Variable
amounts of n-heptane (6, 27 and 45 ml) were then
added to the CTAB solution. 0.5, 9 and 20 mg/ml
of MMA, 66 mg L-lysine, 3000 mg TEOS, and
0.81 mg/ml ACVA were added to the reaction vessel after 15 min. After 4 h, the reaction was cooled
down to room temperature, and the organic phase
was decanted before removing the organic template by calcination at 500 °C for 5 h.
2.3. MSN characterization
Specific surface area (SSA) and pore size
of each sample were determined using nitrogen
adsorption/desorption isotherms (MicroActive for
TriStar II Plus 2.03, Micromeritics, USA). FESEM (MIRA3, TESCAN, USA) was used to characterize the morphology of gold-coated samples.
An in-situ particle size analyzer (NANO-Flex II,
Trends in Pharmaceutical Sciences 2022: 8(3): 155-164.
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Microtrac, Germany) was used to determine the
particle size distribution and polydispersity of
aqueous dispersions in 0.1 M phosphate buffer
(pH = 7.4). ZETA-check (Microtrac, Germany)
was also used to measure zeta potentials.
2.4. CUR loading
The MSNs were loaded with CUR using
the solvent evaporation technique (24). A 5 mg/
ml CUR solution in absolute ethanol was added to
microtubes containing varying amounts of MSNs
dispersed in absolute ethanol to achieve different drug/MSN ratios (0.1, 0.3, and 1 w/w), and
the mixture was stirred overnight as described in
the literature (16, 19, 25, 26). Samples were incubated in a shaking block (300 rpm) at different
temperatures (5, 30, and 55 °C). N2 gas purging
was used to remove the solvent, and the particles
were re-dispersed in an ethanol-water (1:9 v/v)
mixture for dissolving unloaded CUR, as similarly
reported elsewhere (17). The loaded particles were
then centrifuged for 30 min at 12,000 rpm to remove the unloaded CUR. The loaded amount of
CUR was determined directly after solubilizing
the loaded MSNs with 0.1 mL hydrofluoric acid,
which was then diluted to 1 mL with absolute ethanol and detected using UV-visible spectroscopy at
the CUR maximum wavelength (λmax =427 nm).
CUR concentration was calculated from the standard curve plotted for a series of standard solutions
prepared in the concentration range of 3-100 µg/
ml. Afterwards, the loading efficiency (LE%) (Eq.
1) and the loaded amount (LA%) (Eq. 2) were calculated using the following equations:
loading =
efficiency ( % )

=
loaded amount ( % )

W drug loaded
×100
W drug added

(Eq. 1)

SSAs and drug/MSN weight ratios) and two process variables (incubation time and temperature)
in three levels (Table 1). Each experimental condition was repeated three times. Design Expert software (Ver. 8.0., Stat-Ease, Inc.) was employed for
data analysis. A two-factor interaction (2FI) model
and the Forward algorithm were used to incorporate significant terms identified by the ANOVA
method into model equations. P values lower than
0.05 were considered statistically significant. Finally, the best condition for maximum desirability
function (LE%×LA%) was chosen and validated
using triplicate confirmatory testing.
3. Results and discussion
3.1. Physicochemical properties of MSNs
MSN synthesis were accomplished by
sol-gel of a silica precursor (TEOS) using CTAB
as a soft template and L-lysine as a base catalyst
(28). The conventional Stöber sol-gel method was
modified in this study to include ACVA-initiated
free radical polymerization of methyl methacrylate for preparing hybrid organic-inorganic nanocomposites, which were then calcined to produce
MSNs with varying particle and pore sizes (21).
FE-SEM, XRD, BET, and DLS techniques were
used to characterize the morphology, pore size,
and particle size of MSNs. The FE-SEM micrograph (Figure 1) showed small spherical aggregates. The pore characteristics of the MSNs were
determined using N2 adsorption/desorption isotherms. Table 1 summarizes the BET results. Pore
diameters varied from 4.8 to 7.2 nm. In addition,
SSA decreased from 1180 to 570 m2/g by increasing n-heptane volume. When compared to MSNs
reported for CUR loading (10, 19, 25, 26, 29-33)

W drug loaded
×100 (Eq. 2)
W MSN added + W drug loaded

2.5. Statistical design and analysis
Factorial experimental design techniques,
such as Taguchi orthogonal array design, provide
an efficient method for investigating the effect
of multiple factors at the same time with a small
number of experimental trials (27). L-9 Taguchi
orthogonal array was designed for two composition variables (MSN sample type with varied
Trends in Pharmaceutical Sciences 2022: 8(3): 155-164.

Figure 1. FE-SEM micrograph of MSNs (P3).
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Table 1. Hydrodynamic diameter, pore size, and specific surface area (SSA) of MSN samples.
MSN
sample
P0
P1
P2
P3

n-hexane
volume (ml)
0
6
27
45

MMA concentration
(mg/ml)
0
0.5
9
20

Mean hydrodynamic
diameter (nm)
100
45
40
25

with pore sizes in the range of 2.5-7.6 nm and SSA
of 30-992 g/cm2, the MSNs prepared in the current study encompass large pore sizes and high
SSA. The DLS results (Figure 2) revealed that
increasing the n-heptane volume reduced particle
sizes from 100 to 25 nm, as explained in the literature (22), because the n-heptane/water interface
can adsorb nucleated particles and prevent their
growth. Although decreasing particle size should
increase SSA, increased pore sizes with a lower
surface-to-volume ratio surpassed the particle size
effect (22), resulting in the formation of particles
with lower SSA (Table 1). The synthesized MSNs
were relatively smaller compared to MSNs used
for CUR loading with hydrodynamic diameters in
the range of 64-197 nm, depending on the MSN
fabrication process and reaction conditions (10,
26, 30, 32-37).
3.2. CUR loading in MSNs
CUR, a poorly water-soluble phytochemical drug, was loaded into the MSN nanocontainer.
The solvent evaporation method, which is commonly used for MSN loading, was employed for
CUR loading in temperatures ranging from 5 °C
to 55 °C using ethanol as the solvent. Similarly,
MSNs have been loaded with CUR in ethanol for
24 h at ambient temperature (10, 19, 25, 26, 38)
or 37-40 °C (37, 39), ethanol-water (34), acetone
(33), ethanol-acetone (30, 39), DMSO (32, 35),
and dichloromethane (31), and the drug loading
was determined using UV-visible spectroscopy.

Pore size
(nm)
4.8
5.5
5.0
7.2

Surface
area (m2/g)
1180
743
570
612

Zeta potential
(mV)
-9.1
-8.3
-8.6
-8.5

When CUR degradation in ethanol was compared
to CUR degradation in water, the %decay/day was
remarkably reduced from 1.17 to 0.05 (about 23
folds) at 30 °C, and ethanol was presented as the
selected solvent with the highest compatibility
among organic solvents (40). Higher incubation
temperatures of 50-60 °C for CUR loading in ethanol were also reported in the literature (3, 4). Our
preliminary analysis confirmed that the CUR UVvisible and fluorescence spectra (data not shown)
remained unchanged after incubating the ethanolic
solution of CUR at different temperatures (5, 30,
and 55 °C), indicating that the solvent, time, and
temperature conditions were applicable in CUR
loading in MSNs. Although P0 (without n-hexane
addition) had the highest SSA (Table 1), it did not
result in an acceptable CUR loading (around 1%
w/w in the highest drug/MSN ratio =1), possibly
due to its small pore size, and was excluded from
further analysis. In contrast, high LA% (41.4±2.6)
and LE% (68.5±4.8) were obtained for P3 and P1,
respectively, indicating a MSN type-specific CUR
loading (23). Other studies have found that CUR
loading in MSNs ranges from LA% =1.1 to 14.7%
(17, 32, 36, 39). LA% as high as 45-50% have
been reported in amine-functionalized MSNs (26)
or large pores of guanidine-functionalized MSNs
(33), emphasizing the importance of pore size and
functionality in CUR loading. The synthesized
MSNs in the present study had high LA% without
any surface modification. Although CUR surface
adsorption in MSNs can happen through inter-

Table 2. Independent factors influencing CUR loading in the MSNs and their levels.
Factor
A
B
C
D
158

Description
MSN sample (SSA, m2/g)
Time (h)
Curcumin/MSN weight ratio
Temperature (°C)

Low level
570
0.5
0.1
5

Medium level
612
3
0.5
30

High level
743
18
1
55
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A

B

C

D

Figure 2. DLS histograms (intensity) for P0 (A), P1 (B), P2 (C), and P3 (D) samples in distilled water.
molecular interactions media (e.g., hydrophobic,
loading parameters using the Taguchi design. Achydrogen bonding, etc.), protonated CUR (pKa
cording to ANOVA tables (see Supplementary File
values of 7.8, 8.5, and 9.0) and deprotonated surfor details), the chosen 2FI models fit the experiface silanol groups may interact electrostatically
mental data satisfactorily (P <0.0001 for both LE%
in aqueous-organic mixtures. FTIR spectroscopy
and LA% responses), and the block designation
and adsorption isotherms are recommended for
did not cause any interference. The Forward alanalyzing the drug loading mechanism in MSNs
gorithm with adequate predictability (r2=0.98 and
(41-43).
0.99 for LE% and LA%, respectively) was used to
Table 2 summarizes factors and their redetermine the significant model terms. As shown
spective levels considered when evaluating CUR
in Figure 3, after a short incubation time (0.5 h)
A

B

C

D

Figure 3. Curcumin loading efficiency (LE%) in different MSNs and drug (CUR)/MSN ratios, A: short
time (0.5 h) and low temperature (5 °C), B: long time (18 h) and low temperature (5 °C), C: short time (0.5
h) and high temperature (55 °C), D: long time (18 h) and high temperature (55 °C).
Trends in Pharmaceutical Sciences 2022: 8(3): 155-164.
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A

B

C

D

Figure 4. Curcumin loaded amount (LA%) in different MSN samples, A: low curcumin/MSN ratio (0.1) and low temperature (5 °C), B: high curcumin/MSN ratio (1) and low temperature (5 °C),
C: low curcumin/MSN ratio (0.1) and high temperature (55 °C), D: high curcumin/MSN ratio (1) and high
temperature (55 °C).
ratio. Figure 4 shows that LA% increased as the
at 5 °C, the MSN sample with the highest SSA
CUR/MSN weight ratio increased. Moreover,
(P1) had a low LE%, which increased drastically
LA% increased with increasing SSA as determined
when the temperature was raised to 55 °C. Furtherfor P1. Regardless of incubation temperature, the
more, the MSN sample with a relatively low SSA
effect of SSA was obvious after a long incubation
and the largest pore size (P3) showed the highest
time (18 h). The optimum condition was defined
LE% after 0.5 h. After a long incubation time (18
as P1 sample loaded with CUR (0.5 w/w) for 18
h), high LE% values were achieved even at low
h at 55 °C, resulting in LA= 33% and LE= 75%
temperature (5 °C). Importantly, by increasing the
with the prediction accuracy of 89.1% and 86.2%,
CUR to MSN weight ratio, LE% was decreased. It
respectively. Kuang et al. reported LA=8.1% and
appears that the loaded CUR can prevent further
LE=89.1% for CUR loading on PEGylated MSNs
loading within mesopores and can progressively
(32). Mashayekhi et al. also found that the LE%
reduce SSA, resulting in a saturable adsorption
for CUR-loaded MSNs was around 12.5% (44).
pattern; thus, a lower proportion of added drug can
Overall, the MSNs synthesized in this study surbe adsorbed within mesopores at higher dug conpass those reported in the literature for CUR loadcentrations. Abdous et al. also found that the LE%
ing under optimized conditions.
increases with incubation time and decreases with
the CUR/MSN ratio. After a long incubation (18
4. Conclusion
h) at high incubation temperature (55 °C), the efMSNs with variable particle sizes, pore difect of CUR to MSN weight ratio on LE% became
ameters, and SSAs could be developed for loading
marginal. It seems that after a prolonged incubaof poorly water-soluble CUR by controlling the
tion time and a high temperature, drug diffusion
sol-gel of silica precursor as well as MMA polyminto the mesopores and consequently LE% are
erization in the n-heptane/water interface. Imporenhanced regardless of the CUR to MSN weight
160
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tantly, changing the n-heptane/water volume ratio
had a significant impact on particle size and, to a
lesser extent, pore diameter. The results indicated
that MSNs with large SSAs and wide pores could
load CUR at high LA% and LE%, respectively.
The loading parameters may be influenced by factors such as the CUR/MSN weight ratio, temperature, and incubation time. These findings highlight the importance of using MSNs to load and
deliver CUR, which needs further research using
XRD, DSC, TEM, and adsorption isotherm methods for a thorough understanding of CUR loading.
In addition, a release study should be conducted
depending on the final dosage form and route of

administration for a specialized therapeutic application of CUR-loaded MSNs.
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