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ABSTRACT

In the present paper, chiral mesoporous silica nano-cocoon (A-CMSN) functionalized with
amino group was synthesized, and its loading and release of indomethacin (IMC), a poorly
soluble drug, was studied. Due to the use of chiral anionic surfactants as a template, A-
CMSN possessed 2D hexagonal nano-cocoon morphology with curled channels on its sur-
face, which was quite different from another 2D hexagonal mesoporous silica nanoparticles
(MCM-41) with straightway channels. After being loaded into the two silica carriers by hy-
drogen bond, crystalline IMC converted to amorphous form, leading to the improved drug
dissolution. And IMC loading capacity of A-CMSN was higher than MCM-41 because curled
loading process originating from curvature chiral channels can hold more drug molecules.
Compared with IMC, IMC loaded A-CMSN presented obviously fast release throughout the
in vitro release experiment, while IMC loaded MCM-41 released faster than IMC at the ini-
tial 5h then showed controlled slow release afterwards, which was closely related to the
mesoporous silica nanoparticles and different channel mesostructures of these two carri-
ers. A-CMSN possessed nano-cocoon morphology with curled 2D hexagonal channel and its
channel length was shorter than MCM-41, therefore IMC molecules can easily get rid of the
constraint of A-CMSN then to be surrounded by dissolution medium.
© 2018 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Chirality is ubiquitous in nature [1] and may be most pro-
nounced in biomolecules such as proteins and DNA [2]. Re-
cently, the synthesis of chiral materials has drawn much at-
tention due to the potential applications of chiral materials
in enantioselective catalysis, chiral selectivity separation and
chiral recognition [3], which was a great contribution to the
fields of pharmacy, biochemistry and optics devices [4]. Sci-
entists have been devoted to developing its synthesis mech-
anism [5], chemistry chirality [6] and specific and advanced
functions [7]. Up to now, the synthesis of chiral mesoporous
silica has been promoted mainly by template-directing meth-
ods such as chiral cationic surfactant-directing method [8] and
chiral anionic surfactant directing method [9,10], resulting in
the generation of chiral mesoporous silica from the coopera-
tive self-assembly of amphiphiles and silicates.

Because of its potential applications in drug delivery,
adsorption and chiral separation, it was of great interest to
have organo-functionalized hybrid chiral mesoporous silica
materials on the external and/or internal surfaces. It was
generally possible to synthesize organosilane-functionalized
chiral mesoporous silica materials by these three methods,
co-condensation, post-grafting and imprint coating meth-
ods [11,12]. Among the three methods, post-grafting and
co-condensation were the two popular ones. The former
indicated that the mesoporous silica nanoparticles were
first synthesized, and then the surface was modified with
functional groups, the latter referred to the silica source
and organosilane hydrolyze and condense [13]. Compared
with the post-grafting method, the co-condensation method
was better because of its ability to make the distribution of
organic groups more uniform, higher loading, and did not
need to close the advantages of mesopores [14]. As far as
we know, amino-functionalized mesoporous silica materials
have been reported for many applications in waste-water
treatment, base catalysis, absorption for heavy metal ions,
enzyme immobilization, further post-synthesis functional-
ization, and toxic oxygen anions. However, the application
of amino-modified chiral mesoporous silica in drug delivery
systems has rarely been reported [15-17].

Much work has been done to improve the solubility of
poorly water-soluble drugs, such as nanoparticles, solid dis-
persion, micronization and co-solvents [18,19]. Among them,
nanotechnology has been developed as an alternative method
to formulate poorly water-soluble drugs [20-22]. The Noyes-
Whitney and Ostwald-Freundlich equations showed that the
solubility of poorly water-soluble drugs can be ameliorated
by making the particle size become small to nanoscale, thus
solving the challenges of the above formulation [23-25]. Un-
fortunately, the nanoparticle’s small particle size resulted in
reduced surface free energy and therefore instability, leading
to the need for more effective stabilizers or nanoparticle for-
mulation matrices [26]. Due to the unique properties of meso-
porous silica nanoparticles: stable properties, large surface
area and large pore volume, it was very effective in making up
for this disadvantage [13,25]. Therefore, chiral mesoporous sil-
ica nanoparticles with ordered mesostructure can be selected
to load poorly water-soluble drugs to increase their solubility

and thus their bioavailability. In addition, since chiral meso-
porous silica nanoparticles had a crimp structure and a chiral
characteristic when using chiral mesoporous silica nanopar-
ticles as carriers, it was of great significance to study chiral
mesoporous silica nanoparticles as carriers for poorly soluble
drugs.

In this paper, we successfully synthesized amino-modified
chiral mesoporous silica nanoparticles based on the self-
assembly of chiral anionic surfactants and co-condensation of
the structural directing agent (3-aminopropyltriethoxysilane,
APTES) and an inorganic silicon source (tetraethoxysilane,
TEOS). The reasons for choosing indomethacin (IMC) as a
model drug were as follows: (1) IMC, an acidic non-steroidal
anti-inflammatory drug, can cause gastrointestinal mucosal
irritation due to direct contact of free carboxyl groups with
the gastrointestinal mucosa, so loading IMC into mesoporous
silica nanoparticles was expected to reduce its side effects
[27,28]; (2) carboxyl group of IMC can probably interact with
amino group through hydrogen bonding and other interaction
forces, which may improve loading capacity of mesoporous
silica nanoparticles to IMC. Given the wide range of appli-
cations of mesoporous silica nanoparticels as drug carriers
and the characteristic of chiral mesoporous silica nanopar-
ticles, we first attempted to load insoluble IMC into amino-
functionalized chiral mesoporous silica nanoparticlesin order
to improve its solubility and dissolution rate. Interestingly,
the synthesized carriers possessed morphology similar as co-
coons, therefore we name it as amino group functionalized
chiral mesoporous silica nano-cocoon (A-CMSN). The mor-
phological characteristics, including mesoporous structure,
surface area and pore size distribution of A-CMSN were sys-
tematically investigated by Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and nitrogen adsorption
surface area analyzer. Drug loading was detected by the appli-
cation of thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC). We believe this study will be help
in designing better oral delivery systems that use A-CMSN as
carrier.

2. Materials and methods
2.1. Materials

Tetraethoxysilane (TEOS) and 3-aminopropyltriethoxysilane
(APTES) were bought from Aladdin (Shanghai, China). IMC was
purchased from Dalian Meilun Biotechnology Co. Ltd. (Dalian,
China. Palmitic acid and L-alanine methyl ester, N, N ’- dicy-
clohexyl carbon imine (DCC) and N-dimethyl aminopyridine
(DMAP) were obtained from Chengdu Xiya Chemical Tech-
nology Co. Ltd. (Chengdu, China). All other chemicals were
reagent grade and deionized water was prepared by ion ex-
change.

2.2.  Synthesis of N-PLA

Solution A was typically prepared by dissolving palmitic acid
and DMAP at a 10:1 molar ratio of the complex into 100 ml of
dichloromethane, and the mixture was then stirred in a 0°C
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water bath for 1h. 3ml triethylamine and 26 mmol L-alanine
methyl ester were mixed in 50ml methylene chloride and
then stirred at ambient temperature for 40 min to prepare so-
lution B. Thereafter, DCC solution was prepared by dissolving
28.4mmol DCC in 50 ml methylene chloride. When the prelim-
inary work finished, Solution B was completely added to So-
lution A, and then the DCC solution was added slowly to the
mixed solution. The system was stirred at 0°C for 3h in a wa-
ter bath and then stirred overnight at ambient temperature.
The resulting solution was centrifuged and washed sequen-
tially with water, saturated sodium chloride solution, satu-
rated sodium bicarbonate solution, hydrochloric acid (1 M) and
again water. The organic layer was dried over magnesium sul-
fate and filtrated. The organic solvent was removed by evapo-
ration to give the crude product which was purified by crystal-
lization from a mixed solution of ethyl acetate/n-hexane with
a volume ratio of 1:1 to obtain a white solid as the final prod-
uct. 1H NMR (400 MHz, CDCI3) 6 6.00 (d, 1H), 4.58-4.66 (m, 1H),
2.21 (t, 2H), 1.60-1.67 (m, 2H), 1.41 (d, 3H), 1.24-1.31 (m, 24H),
0.89 (t, 3H).

N-PLA was synthesized by hydrolysis of N-PLA methyl es-
ter. Under a water bath at 0 °C, 3 mmol N-PLA methyl ester was
dissolved with a certain amount of methanol. Afterwards, 1 M
sodium hydroxide was added to the above mixture, and the
methanol remaining in the mixture was distilled off under re-
duced vacuum. The product was isolated by addition of hy-
drochloride acid and the pH of the resulting mixture was ad-
justed to about 2. Finally, the white precipitate was filtered,
washed with water and then dried at 60°C to obtain N-PLA
product [29].1H NMR (400 MHz, CDCI3) § 6.02 (d, 1H), 4.58 (m,
1H), 2.24 (t, 2H), 1.62-1.65 (m, 2H), 1.47 (d, 3H), 1.27 (d, 24H),
0.88 (t, 3H). The FTIR and 1H-NMR spectrum were displayed in
the supporting information.

2.3.  Preparation of A-CMSN

In a typical synthesis scheme, 0.33 g N-PLA was dissolved with
10ml deionized water, and 10 g sodium hydroxide (0.1 M) to-
gether with 10 g hydrochloric acid (0.1M) was then added to
the above solution with stirring and the stirring was contin-
ued for 1h at ambient temperature. Thereafter, a mixed solu-
tion consisting of 0.24 ml APTES and 1.57 ml TEOS was added
dropwise to the above solution with stirring, allowed to react
for 24 h, then centrifuged, washed with water and ethanol, and
placed it in an oven at a temperature of 60 °C overnight. The
synthesized sample was extracted with ethanolamine (17%,
v/v) in ethanol at its boiling point for 12h. A-CMSN was then
obtained by ion exchange between amino groups and amines
[30].

2.4. Characterization of A-CMSN

The critical micelle concentration of N-PLA was determined
using a DDS-11A conductivity meter (Shanghai Rex New Rock
Instruments Co., Ltd.). The surface morphology of A-CMSN
was characterized using a SURA35 field emission scanning
electron microscope (ZEISS, Germany). Before examination,
the sample was mounted on a metal stub using double-sided
tape and sputtered with a thin gold layer under vacuum. The

A-CMSN was ultrasonically dispersed in ethanol and then de-
posited on carbon-coated copper grids before using Tecnai G2
F30 TEM instrument to characterize its pore structure. FTIR
(Spectrum 1000, Perkin Elmer, USA) spectra of A-CMSN was
recorded from 400 to 4000 cm~? in transmittance mode with
a resolution of 1cm~1. A-CMSN was milled and mixed with
dried KBr in an agate mortar and pestle to prepare KBr disk. A-
CMSN was placed in an aluminum crucible and heated from 0
to 300 °C with a differential scanning calorimeter (DSC, Q1000,
TA Instrument, USA) under a nitrogen flow at a heating rate of
10°C/min.

2.5. IMCloading into A-CMSN

Solvent deposition, a combination of immersion and solvent
evaporation, was used to load IMC into A-CMSN aiming to syn-
thesize a drug delivery system that was uniform and delivered
high drug load. Specifically, the IMC was dissolved in acetone
to give a concentration of 15 mg/ml, and then 2 ml of this solu-
tion was mixed with 90 mg A-CMSN and stirred for 24 h, then
dried it in vacuum to evaporate the solvent. It should be noted
that MCM-41 with 2D hexagonal mesostructure similar as A-
CMSN but no curled morphology, was introduced to compare
loading capacity and in vitro drug release with A-CMSN, aiming
to investigate the potential unique ability of A-CMSN to load
and release IMC (carboxylic acid drugs). For the sake of clar-
ity, the drug delivery system of A-CMSN loaded with IMC will
be referred to as C, and the drug delivery system of MCM-41
loaded with IMC will be referred to as M.

The actual drug loading of C and M was ascertained us-
ing thermal gravimetric analysis (TGA), which was performed
from 30 to 600 °C with a TGA-50 instrument (Shimadzu, Japan)
at a heating rate of 10 °C/min under a nitrogen flow of 40 ml for
1min.

2.6. Characterization of IMC loaded A-CMSN

Fourier transform infrared spectroscopy (FTIR, Spectrum 1000,
Perkin Elmer, USA) spectra of samples were collected over the
spectral region of 400-4000cm~?. Before examination, sam-
ples were mixed with KBr to make small disks for testing.
The samples were placed in an aluminum crucible and heated
from 0 to 300 °C with a differential scanning calorimeter (DSC,
Q1000, TA Instrument, USA) under a nitrogen flow at a heating
rate of 10 °C/min.

2.7. In vitro release of IMC from A-CMSN

In vitro dissolution experiments were performed using a USP I
basket stirring method (100 rpm, 37 °C and 250 ml dissolution
medium) and a ZRD6-B Dissolution Tester (Shanghai Huang-
hai Pharmaceutical Testing Instrument Factory). The powdery
state of C or M was passed through 80 mesh sieve and was
filled into the same type of hard gelatin capsules. C and M cap-
sule samples equivalent to 10 mg IMC and 10 mg IMC capsule
samples were added to simulated intestinal fluid (pH 6.8). At
predetermined time points, 5 ml of sample was removed from
the release media, and meanwhile, an equal amount of fresh
medium was added to maintain a constant volume of disso-
lution. Samples that passed through a 0.45pm microporous
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Scheme 1 - Schematic illustration of the template for
generating A-CMSN.

membrane were tested at a wavelength of 320 nm using a UV-
1750 spectrophotometer (Shimadzu, Japan).

3. Results and discussion
3.1. Nano-cocoon structure of A-CMSN

It was generally accepted that the formation mechanism of
chiral mesoporous silica nanoparticles belonged to coopera-
tive self-assembly process in which the charge density of the
soluble silica source initially determines the interfacial pack-
ing density of the surfactant and the biphasic geometry of the
surfactant shape. This can be coordinated to a given direction
of the soluble silica source and surfactant which was advanta-
geous relative to the source of soluble silica source [31]. In our
synthesis of A-CMSN, anionic surfactant (N-PLA), co-structure
directing agent (APTES) and silica source (TEOS) were applied
to construct the pattern of S”TM*I~, in which S—, M* and
I~ represent an anionic surfactant, a co-structure directing
agent with a cationic amino group and soluble silica source
with a negative charge, respectively. Herein, we described
in detail the formation process of A-CMSN as outlined in
Scheme 1. Since the concentration of N-PLA (0.337 mol/l) was
much higher than the critical micelle concentration of N-PLA
(0.001 mol/l, measured by using conductivity meter) before
adding the mixed solution of APTES and TEOS, an internally
assembled hydrophobic group and an externally extended
hydrophilic group were formed micelles. In addition, due to
the balance between carboxyl groups and carboxylates, a
large amount of negatively charged carboxylate of N-PLA was
present in the alkaline aqueous solution (pH = 8). After adding
APTES and TEOS into the above solution, the negative charged
head group of N-PLA interacted with the positively charged
ammonium sites of the APTES [4]|. In this self-assemble
process, the negative charge density in alkaline aqueous
solution was high, so the electrostatic repulsion caused by
the hydrophilic groups was quite strong, resulting in higher
curvatures of the amphiphilic molecules and staggered pack-
ing [32] to reduce the surface free energy [33]. Mesoporous
silica nanoparticles with a crimped mesoporous structure
were finally formed. Simultaneously, the alkoxysilane site
of APTES polymerized with the alkoxysilane site of TEOS

to promote silicate organization around the amphiphilic
micellar superstructure. Meanwhile, silicate polymerization
also promoted the aggregation of amphiphiles to form an
ordered liquid crystalline intermediate structure pemm [5].

A-CMSN had a typical two-dimensional hexagonal pemm
chiral mesostructure with ordered hexagonal mesopores
(Fig. 1A, a) viewed downwardly or upwardly from the
schematic of A-CMSN (Scheme 1), meanwhile channels with
curvature were obtained from lateral direction. After amplify-
ing A-CMSN and MCM-41 to the same magnification, we con-
firmed that A-CMSN with a 2D hexagonal cocoon-like mor-
phology possessed hexagonal ordered channels, whose cur-
vature was clearly observable, which was quite different from
MCM-41 with straightway 2D hexagonal channels. Moreover,
there is no significant difference in particle size and chan-
nel diameter (about 6.25nm) between A-CMSN and MCM-41,
demonstrating that the channel curvature is a major con-
tributor to the discrimination of these two mesoporous silica
nanoparticles. Therefore, it is interesting to see how the curled
channels within the nanometer range affect drug loading and
release behavior.

3.2 Characteristics of IMC loaded A-CMSN

In order to further demonstrate that IMC were effectively in-
corporated into A-CMSN, and also to investigate their possi-
ble interactions, the FTIR analysis of IMC, MCM-41, IMC loaded
MCM-41 (M), A-CMSN, and IMC loaded A-CMSN (C) were car-
ried out and their spectrums were presented in Fig. 2. Pure IMC
showed its characteristic peaks at 1718 and 1692 cm~!, which
belonged to the carbonyl groups of the acid and amide [34],
and characteristic peak appeared at 1308 cm~! was assigned
to aromatic C-N stretching vibration. Comparing A-CMSN
with MCM-41, a new band belonged to NH, bending was de-
tected at 1464 cm~?! and two bands attributed to CH, stretch-
ing were observed at 2919 and 2850 cm~! due to the introduc-
tion of the amino propyl group from APTES [35]. When IMC
was encapsulated into MCM-41, the carbonyl peaks were not
observed, whereas a slight shift in the aromatic C-N stretch-
ing vibration was observed, indicating that the carbonyl group
in the IMC molecule were involved in the formation of the
hydrogen bond with the silanol groups of MCM-41. After IMC
was loaded into A-CMSN, it was clearly observed that the car-
bonyl peaks disappeared, indicating that the carboxylic acid
in the IMC molecule participated the formation of the hydro-
gen bond with the amino groups functionalized at the internal
surface of A-CMSN. In the meanwhile, the carbonyl group ad-
jacent to the amino group formed a hydrogen bond with the
silanol groups on the surface of the silica, and this hydrogen
bond also proved that the peak belonging to the aromatic C-N
stretching vibration at 1318 cm~! showed a sharp decrease.
To evaluate the physical state of IMC in A-CMSN, DSC mea-
surement of IMC, MCM-41, IMC loaded MCM-41 (M), A-CMSN
and IMC loaded A-CMSN (C) were performed and the results
were shown in Fig. 3. As displayed in Fig. 3, the IMC thermo-
gram had a single sharp endothermic peak at 163.5 °C, which
was consistent with the melting point of crystalline IMC. In
the case of MCM-41 and IMC loaded MCM-41, no depression
was observed, illustrating that the absence of phase transi-
tions of IMC, demonstrating that the IMC was in an amor-
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Fig. 1 - TEM images of (A) A-CMSN scanned in up to down or down to up direction (a) and in lateral direction (b); (B) A-CMSN

and MCM-41 scanned in lateral direction.

phous state upon loading into MCM-41 [36]. From the ther-
mogram of A-CMSN, endothermic phenomenon was clearly
observed as a result of the decomposition of aminopropyl
groups during the heat treatment. However, the thermogram
of IMC loaded into A-CMSN did not show any characteristic
endotherm peaks belonging to IMC, which provided indirect
evidence that IMC was fully contained in A-CMSN. It was spec-
ulated that the limited mesoporous structure and the curled
mesostructure of A-CMSN prevented the IMC from crystalliza-
tion due to space constraint, and the hydrogen bonds formed
between the IMC and the carries might also be related to the
amorphous state of IMC [37,38].

In the procedure of IMC loading, TGA was used to quan-
tify drug adsorption capacity of IMC loaded A-CMSN (Fig. 4C)
and IMC-loaded MCM-41 (Fig. 4M). The weight loss of pure
IMC (Fig. 41I) began to decrease at about 200 °C and gradually
reached 100% at 600 °C, indicating that the determination of
the temperature range was appropriate. For A-CMSN, an ini-
tial weight loss of 8.54% can be observed between 50 and
200°C due to aminopropyl decomposition, and at a temper-
ature range of 200-600°C, the weight loss of IMC loaded A-

CMSN was measured to be 31.82%. It was clearly observed that
the weight loss of IMC adsorbed into A-CMSN was higher than
that of MCM-41 (23.65%), and explanations can be given as fol-
lows: (1) the hydrogen bonding force formed between IMC and
A-CMSN was stronger than that of MCM-41, which was be-
cause that in addition to silanol groups, the amino groups of
APTES can also bind to the carboxyl groups of IMC [27]; (2) af-
ter amino-functionalization, the electrostatic or hydrophobic
interactions can be introduced leading to a higher degree of
IMC loading [13]; (3) because A-CMSN had a two-dimensional
curled hexagonal channel nano-cocoon, IMC molecules had
more chances to be loaded into A-CMSN compared to MCM-
41 possessing straightway 2D hexagonal channel, and the
schematic diagram can be seen in the small image inserted in
Fig. 4.

3.3.  IMC release from A-CMSN
It can be concluded that the two mesoporous silica nanoparti-

cles, A-CMSN and MCM-41, had unique functions as IMC carri-
ers based on the result of in vitro release. In contrast with pure
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Fig. 2 - FTIR spectra of IMC (I), MCM-41, IMC loaded
MCM-41 (M), A-CMSN, IMC loaded A-CMSN (C).

G
)
3 MCM-41
N’
z
k=
; M
D
- \/
A—CMSN

0 50 100 150 200 250 300
Temperature (C)

Fig. 3 - DSC thermograms of IMC (I), MCM-41, IMC loaded
MCM-41 (M), A-CMSN, IMC loaded A-CMSN (C).

IMC (Fig. 5I), IMC loaded A-CMSN (Fig. 5C) presented a signif-
icant rapid release throughout the in vitro process, whereas
IMC loaded MCM-41(Fig. 5M) released faster than pure IMC
at the initial 5h and then controlled slow release, which was
closely related to the mesoporous silica nanoparticles and dif-
ferent channel mesostructures of these two carriers. It was
well-known that making the drug into an amorphous state
and reducing its particle size can improve the drug solubility
and dissolution rate. Nanoparticles or nanotechnologies have
long been considered as effective methods to improve the dis-
solution rate because nanocrystals increase the area for disso-
lution due to their small particle size. In addition, IMC can only
exist in an amorphous state due to the pore size limitations
[39]. Therefore, after IMC was loaded into A-CMSN and MCM-
41, the results of DSC analysis showed that IMC was present in
an amorphous state, resulting in an increased apparent solu-
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Fig. 4 - TGA curves of IMC (I), IMC loaded MCM-41 (M), and

IMC loaded A-CMSN (C). Schematic image of IMC loading
into A-CMSN was inserted.
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Fig. 5 - Release profiles of IMC (I), IMC loaded MCM-41 (M),
and IMC loaded A-CMSN (C). Schematic image of IMG
releasing from A-CMSN was inserted.

bility and dissolution rate of IMC. It was noteworthy that IMC
loaded MCM-41 displayed a special case, its controlled slow
release effect after 5h, and this effect was correlated to its
channel mesostructure. Since MCM-41 contained straightway
2D hexagonal channel, the dissolution medium can hardly in-
duce the release of IMC molecules located at the relative inner-
most sites of MCM-41, resulting in the sustained release effect.
On the contrary, A-CMSN possesses nano-cocoon morphology
with curled 2D hexagonal channel and its channel length was
shorter than MCM-41, therefore IMC molecules can easily get
rid of the constraint of A-CMSN then to be surrounded by dis-
solution medium (whose schematic diagram was shown in
Fig. 5).
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4, Conclusion

A-CMSN was synthesized using co-condensation method
based on self-assembly of chiral anionic surfactant as a tem-
plate. A-CMSN had two-dimensional hexagonal nano-cocoon
morphology due to the curvature channel formed by chi-
ral anionic surfactant, which was quite different from MCM-
41 with straightway channels. Crystalline IMC converted to
amorphous form after being loaded into two silica carriers
by hydrogen bonds, leading to the improved drug dissolution.
A-CMSN had a slightly higher loading capacity to IMC than
MCM-41 because when using A-CMSN as a silica support, the
curled channel accommodated more drug molecules. Com-
pared with pure IMC, IMC loaded A-CMSN presented a signif-
icant rapid release throughout the in vitro process, whereas
IMC loaded MCM-41 released faster than pure IMC at the ini-
tial 5h and then controlled slow release, which was closely
related to the mesoporous silica nanoparticles and different
channel mesostructures of these two carriers. In this paper,
we studied the synthesis of chiral mesoporous silica nanopar-
ticles with curled channels and their application in drug load-
ing and release of IMC, which may help to design a unique
chiral mesoporous silica material and its application in the
pharmaceutical field.

Conflicts of interest

No conflict of interest exits in the manuscript, and the article
was approved by all authors.

Acknowledgments

This work was supported by Postdoctoral Science Foundation
of China 2017M611268.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ajps.2018.04.002.

REFERENCES

[1] Che S, Liu Z, Ohsuna T, Sakamoto K, Terasaki O, Tatsumi T.
Synthesis and characterization of chiral mesoporous silica.
Nature 2004;429(6989):281-4.

[2] ZhangL, Qiao S, Jin Y, Cheng L, Yan Z, Lu G. Hydrophobic
functional group initiated helical mesostructured silica for
controlled drug release. Adv Funct Mater 2008;18(23):3834-42.

[3] Gier TE, Bu X, Feng P, Stucky GD. Synthesis and organization
of zeolite-like materials with three-dimensional helical
pores. Nature 1998;29(46):154-7.

[4] Qiu H, Che S. Chiral mesoporous silica: chiral construction
and imprinting via cooperative self-assembly of amphiphiles
and silica precursors. Cheminform 2011;40(3):1259-68.

[5] Gao C, Qiu H, Zeng W, et al. Formation mechanism of anionic
surfactant-templated mesoporous silica. Chem Mater
2006;18(16):3904-14.

[6] Han Y, Zhao L, Ying J. Entropy-driven helical mesostructure
formation with a chiral cationic surfactant templates. Adv
Mater 2007;19(18):2454-9.

[7] Xie ], Qiu H, Che S. Handedness inversion of chiral
amphiphilic molecular assemblies evidenced by
supramolecular chiral imprinting in mesoporous silica
assemblies. Chem-Eur J 2012;18(9):2559-64.

[8] Wang J, Wang W, Sun P, et al. Hierarchically helical
mesostructured silica nanofibers templated by achiral
cationic surfactant. ] Mater Chem 2006;16(42):4117-22.

[9] Yokoi T, Yamataka Y, Ara Y, Sato S, Kubota Y, Tatsumi T.
Synthesis of chiral mesoporous silica by using chiral anionic
surfactants. Micropor Mesopor Mater 2007;103(1):20-8.

[10] Jin H, Liu Z, Ohsuna T, et al. Control of morphology and
helicity of chiral mesoporous silica. Adv Mater
2010;18(5):593-6.

[11] Slowing II, Vivero-Escoto JL, Wu CW, Lin VS. Mesoporous
silica nanoparticles as controlled release drug delivery and
gene transfection carriers. Adv Drug Deliv Rev
2008;60(11):1278-88.

[12] LiJ, Xu L, Wang H, et al. Comparison of bare and amino
modified mesoporous silica@poly(ethyleneimine)s xerogel as
indomethacin carrier: superiority of amino modification.
Mater Sci Eng C 2016;59(4):710-16.

[13] Xu W, Riikonen J, Lehto VP. Mesoporous systems for poorly
soluble drugs. Int ] Pharmaceut 2013;453(1):181-97.

[14] Macquarrie DJ, Jackson DB. Aminopropylated MCMs as base
catalysts: a comparison with aminopropylated silica. Chem
Commun 1997;18(18):1781-2.

[15] Reynhardt JPK, Yang Y, Sayari A, Alper H. Polyamidoamine
dendrimers prepared inside the channels of pore-expanded
periodic mesoporous silica. Adv Funct Mater
2005;15(10):1641-6.

[16] Acosta EJ, Carr CS, Simanek EE, Shantz DF. Engineering
nanospaces: iterative synthesis of melamine-based
dendrimers on amine-functionalized SBA-15 leading to
complex hybrids with controllable chemistry and porosity.
Adv Mater 2004;16(12):985-9.

[17] Lei C, Shin Y, Liu J, Ackerman E J. Entrapping enzyme in a
functionalized nanoporous support. ] Am Chem Soc
2002;124(38):11242-3.

[18] Vogt M, Kunath K, Dressman J B. Dissolution enhancement
of fenofibrate by micronization, cogrinding and spray-drying:
Comparison with commercial preparations. Eur ] Pharm
Biopharm 2008;68(2):283-8.

[19] Dressman J, Reppas C. Drug solubility: how to measure
it, how to improve it ¥. Adv Drug Deliver Rev
2007;59(7):531-2.

[20] Keck CM, Miiller RH. Drug nanocrystals of poorly soluble
drugs produced by high pressure homogenisation. Eur J
Pharm Biopharm 2006;62(1):3-16.

[21] Miiller RH, Jacobs C, Kayser O. Nanosuspensions as
particulate drug formulations in therapy. Rationale for
development and what we can expect for the future. Adv
Drug Deliv Rev 2001;47(1):3-19.

[22] Ali MT, Fule R, Sav A, Amin P. Fabrication of
cyclodextrin-templated mesoporous silica for improved
dissolution of carbamazepine. Drug Deliv Transl Res
2013;3(3):235-42.

[23] Kesisoglou F, Panmai S, Wu Y. Nanosizing-oral formulation
development and biopharmaceutical evaluation. Adv Drug
Deliver Rev 2007;59(7):631-44.

[24] Malipeddi VR, Dua K, Awasthi R. Development and
characterization of solid dispersion-microsphere controlled
release system for poorly water-soluble drug. Drug Deliv
Transl Res 2016;6(5):540-50.

[25] Kalepu S, Nekkanti V. Improved delivery of poorly soluble
compounds using nanoparticle technology: a review. Drug
Deliv Transl Res 2016;6(3):319-32.


http://dx.doi.org/10.13039/501100010008
https://doi.org/10.1016/j.ajps.2018.04.002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0001
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0002
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0003
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0003
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0003
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0003
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0003
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0004
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0004
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0004
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0005
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0005
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0005
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0005
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0005
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0006
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0006
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0006
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0006
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0007
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0007
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0007
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0007
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0008
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0008
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0008
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0008
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0008
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0009
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0010
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0010
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0010
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0010
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0010
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0011
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0011
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0011
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0011
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0011
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0012
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0012
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0012
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0012
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0012
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0013
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0013
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0013
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0013
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0014
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0014
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0014
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0015
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0015
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0015
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0015
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0015
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0016
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0016
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0016
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0016
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0016
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0017
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0017
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0017
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0017
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0017
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0018
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0018
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0018
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0018
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0019
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0019
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0019
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0020
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0020
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0020
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0021
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0021
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0021
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0021
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0022
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0022
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0022
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0022
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0022
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0023
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0023
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0023
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0023
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0024
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0024
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0024
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0024
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0025
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0025
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0025

412 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 14 (2019) 405-412

[26] Van Eerdenbrugh B, Van den Mooter G, Augustijns P.
Top-down production of drug nanocrystals: nanosuspension
stabilization, miniaturization and transformation into solid
products. Int ] Pharm 2008;364(1):64-75.

[27] Tzankov B, Yoncheva K, Popova M, et al. Indometacin loading
and in vitro release properties from novel carbopol coated
spherical mesoporous silica nanoparticles. Micropor
Mesopor Mater 2013;171(5):131-8.

[28] Shrivastava SK, Jain DK, Trivedi P. Dextrans—-potential
polymeric drug carriers for flurbiprofen. Pharmazie
2003;58(11):389-91.

[29] LiJ, Xu L, Yang B, Bao Z, Pan W, Li S. Biomimetic synthesized
chiral mesoporous silica: structures and controlled release
functions as drug carrier. Mater Sci Eng C: Mater Biol Appl
2015;55:367-72.

[30] LiJ, Guo Y, Li H, ShangL, Li S. Superiority of amino-modified
chiral mesoporous silica nanoparticles in delivering
indometacin. Artif Cells Nanomed Biotechnol 2017:1-10.

[31] Huo Q, Margolese DI, Ciesla U, et al. Organization of organic
molecules with inorganic molecular species into
nanocomposite biphase arrays. Chem Mater
1994;6(8):1176-91.

[32] Trewyn BG, Whitman CM, Lin VSY. Morphological control of
room-temperature Ionic liquid templated mesoporous silica
nanoparticles for controlled release of antibacterial agents.
Nano Lett 2004;4(11):2139-43.

[33] Yang S, Zhao L, Yu C, et al. On the origin of helical
mesostructures. ] Am Chm Soc 2006;128(32):10460-6.

[34] Hu'Y, Wang]J, Zhi Z, Jiang T, Wang S. Facile synthesis of 3D
cubic mesoporous silica microspheres with a controllable
pore size and their application for improved delivery of a
water-insoluble drug. J Colloid Interface Sci
2011;363(1):410-17.

[35] Song SW, Hidajat K, Kawi S. Functionalized SBA-15 materials
as carriers for controlled drug delivery: influence of surface
properties on matrix-drug interactions. Langmuir
2005;21(21):9568-75.

[36] Hu'Y, Zhi Z, Wang T, Jiang T, Wang S. Incorporation of
indomethacin nanoparticles into 3-D ordered macroporous
silica for enhanced dissolution and reduced gastric irritancy.
Eur J Pharm Biopharm 2011;79(3):544-51.

[37] Speybroeck MV, Barillaro V, Thi TD, et al. Ordered
mesoporous silica material SBA-15: a broad-spectrum
formulation platform for poorly soluble drugs. ] Pharm Sci
2009;98(8):2648-58.

[38] Madieh S, Simone M, Wilson W, Mehra D, Augsburger L.
Investigation of drug-porous adsorbent interactions in drug
mixtures with selected porous adsorbents. ] Pharm Sci
2007;96(4):851-63.

[39] Hu'Y, Zhi Z, Zhao Q, et al. 3D cubic mesoporous silica
microsphere as a carrier for poorly soluble drug carvedilol.
Micropor Mesopor Mater 2012;147(1):94-101.


http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0026
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0026
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0026
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0026
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0027
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0027
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0027
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0027
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0027
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0028
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0028
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0028
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0028
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0029
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0030
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0031
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0031
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0031
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0031
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0031
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0032
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0032
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0032
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0032
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0033
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0033
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0033
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0033
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0033
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0034
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0035
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0035
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0035
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0035
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0036
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0037
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0037
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0037
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0037
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0037
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0038
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0039
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0039
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0039
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0039
http://refhub.elsevier.com/S1818-0876(18)30104-1/sbref0039

	Amino functionalized chiral mesoporous silica nanoparticles for improved loading and release of poorly water-soluble drug
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of N-PLA
	2.3 Preparation of A-CMSN
	2.4 Characterization of A-CMSN
	2.5 IMC loading into A-CMSN
	2.6 Characterization of IMC loaded A-CMSN
	2.7 In vitro release of IMC from A-CMSN

	3 Results and discussion
	3.1 Nano-cocoon structure of A-CMSN
	3.2 Characteristics of IMC loaded A-CMSN
	3.3 IMC release from A-CMSN

	4 Conclusion
	 Conflicts of interest
	 Acknowledgments
	 Supplementary materials

	Reference

