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1. Introduction

Generally, a successful drug delivery system needs to build a
biocompatible carrier which has a high drug loading capac-
ity and allows controlled release of the cargo when it reaches
its destination [1]. Recently, mesoporous silica nanoparticles
with a systematic tailorable pore architecture and the high
surface area have attracted attention because of their poten-
tial use as vehicles for drug delivery [2,3]. Methods that can
affect the porosity, pore morphology, pore size distribution
and the morphology of the materials are of particular inter-
est. Factors, such as the hydrolysis of silicate, the shape of the
surfactant micelles, inorganic salts, organic swelling agents
and co solvents, can affect the morphology of the products
[4]. In the preparation of mesoporous silicates, the addition of
organic swelling agents, for example, 1,3,5-trimethylbenzene
(TMB), n-hexane and n-nonane, which may be soluble in the
hydrophobic cores of the surfactant micelles, can lead to a
larger micelle size and a greater pore diameter [5]. Apart from
a pore-expanding effect, the swelling agents can also pro-
duce some changes in the morphology of the materials. For
example, when the concentration of TMB is low, a hexago-
nally packed pore structure is achieved, and increasing the
TMB/P123 ratio will produce a new mesocellular foam phase.
When 1,3,5-triisopropylbenzene is used as a swelling agent, a
hexagonal structure can be obtained at a low TIPB/P123 ratio
while a vesicle-like silica produces a high TIPB/P123 ratio [6].
To our knowledge, the mesostructure assembly is also greatly
affected by the formation of O/W emulsions, while the combi-
nation of an emulsion and a templating agent in the synthesis
of mesoporous silica materials has received little attention.
Since the inorganic carriers have many favorable proper-
ties, such as a high surface area, large pore volume and tun-
able pore size, much research has focused on applications in-
volving drug delivery systems [7, 8]. In addition to immediate-
release, there also many research studies on controlled drug
release [9]. Sun et al. have explored a novel spherical nanosil-
ica matrix (SNM) together with chitosan encapsulated SNM
to investigate the feasibility of using chitosan to regulate the
drug release rate from porous silica and obtain an oral sus-
tained drug delivery system. The dispersing effect of SNM and
the swelling of chitosan were the two main factors contribut-
ing to the sustained drug release behavior. From the research
described above, it appears that the dissolution rate is consid-
ered as the most important factor determining the bioavail-
ability of orally administered poorly water-soluble drugs.
Highly basic novel mesoporous materials have been suc-
cessfully produced by dispersing MgO on SBA-15 using three
different methods, impregnation, microwave irradiation and
a combination of these, via the magnesium acetate path [10].
Also, Wang et al. [11] have reported that MgO particles did not
destroy the SBA-15 mesoporous structure after their incorpo-
ration. A few years later, there was an investigation of silica
particles which were functionalized using their basic proper-
ties for the controlled release of ibuprofen with acidic groups
[12]. Shen et al. [13] synthesized submicron MgO-modified
SBA-15 silica. Compared with SBA-15, the amount of ibupro-
fen adsorbed on the MgO-modified silica was increased and
the release rate from the mesoporous matrix was retarded.

In this paper, the swelling agent n-decane in an O/W
emulsion-assisted self-assembly process was used to obtain
novel 3-dimensional silica cocoons with a larger micelle size
and, consequently, leading to a greater pore diameter. In ad-
dition, the cocoons doped with magnesia using an in situ one-
spot method by adding magnesium nitrate to the process for
synthesizing MSNCs, and then the basic mesoporous materi-
als from the strongly acidic system were obtained. Matrices
with different Mg/Si ratios were obtained for the efficient en-
capsulation of the acidic drug IMC and they exhibited differ-
ent adsorption and release behaviors. To our knowledge, little
research has been published on the investigation of the de-
tailed adsorption characteristics of the drug adsorption kinet-
ics and isotherm models of IMC adsorption onto such meso-
porous silicon cocoons. We also used pseudo-first-order and
pseudo-second-order kinetics to obtain a better understand-
ing of the controlling reaction pathways, whether chemisorp-
tion or physisorption, and the mechanisms of surface versus
intraparticle diffusion involved in the adsorption reactions.
Kinetic data were used to predict the rate at which the drug
IMC was adsorpted onto MgO-MSNCs and the equilibrium ad-
sorption isotherms were used to quantify the adsorptive ca-
pacity of the adsorbent.

2. Materials and methods
2.1. Materials

EO,oPO70EO,o (Pluronic P123) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Ammonium fluoride was pur-
chased from Aladdin (Shanghai, China). Tetraethyl orthosil-
icate (TEOS), hydrochloric acid and magnesium nitrate hex-
ahydrate were purchased from Yu Wang Reagent Company
(Shandong, China) while n-decane was kindly donated by
Fushun Beiyuan Fine Chemical Company Ltd. (Fushun, China).
Indomethacin (purity > 99.0%) was kindly supplied by Shiji-
azhuang Pharmaceutical Group (Huasheng Pharm. Co., Ltd.).
All other chemicals were of reagent grade and used as pur-
chased without further purification.

2.2. Preparation of MSNCs and MgO-MSNCs

The preparation procedure of MSNCs was as follows: 2.5 gP123
was added to 80 ml of 1.0 M HCI solution at room tempera-
ture. After a clear solution was obtained, 7.4 g n-decane was
added, and the mixture was gently stirred overnight to solu-
bilize the cores of the P123 micelles. After stopping stirring,
the P123-decane-water mixture was stand for 8 h to obtain a
water-rich layer and a decane-rich layer and then 0.03 g NH4F
was added to the remaining water-rich layer. This water-rich
layer was stirred at 40 °C for 15 min, followed by the drop-
wise addition of tetraethyl orthosilicate. The mixture was then
stirred at 40 °C for 24 h and hydrothermally treated in an au-
toclave at 100 °C for 48 h. The product was recovered by evap-
oration, and re-dispersed in distilled water. After stirring at
40 °C for 2 h, filtered and washed with deionized water, then
dried at 60 °C overnight. Finally, the white powder obtained
was calcined at 550 °C for 6 h to remove the template agent
P123.



ASIAN JOURNAL OF PHARMAGEUTICAL SCIENCES 14 (2019) 275-286 277

The MgO-MSNCs were prepared by the same method,
except for the addition of a different molar ratio of
Mg(NO3),+6H,0 to the water-rich layer and stirred for 0.5 h be-
fore 0.03 g NH4F was added.

2.3. Sample characterization

TEM (TECNAI G220, FEI, USA) observations provide informa-
tion about the mesoporous structure of carriers. The pore vol-
umes and size distributions were obtained using a surface
area analyzer (SA3100, Beckman Coulter, USA). The method of
Brunauer-Emmett-Teller (BET) was used for determining the
surface area of samples. And the method of Barrett-Joyner-
Halenda (BJH) was used to determine the pore size distribu-
tion. FT-IR (Bruker IFS 55, Switzerland) was used to obtain
information about the characteristics of the organic groups
on the surface of the samples over a spectroscopic range
of 500-4000 cm~!. DSC experiments were conducted using
a differential scanning calorimeter (DSC 60, Shimadzu Co.,
Japan). Sample was heated at 10 °C/min under N, flow of
40 ml/min in an aluminum pan. XRD was performed on a
diffractometer (PANALY IICALB.V, PW3040/60) with Cu-Ka« ra-
diation (A = 1.5405 A). Powder samples were scanned over the
20 angle range from 5° to 60° with a scan rate of 5.0°/min. The
basicity of the samples was measured as follow: the sample
was shaken in 0.02 M hydrochloric acid solution (5 ml), and
the remaining acid was then titrated by standard base (0.02 M
aqueous NaOH), then the basicity of the samples was obtained
by calculation.

2.4.  Adsorption experiments

Different Mg/Si ratios affected the adsorption kinetics of IMC
by MgO-MSCNSs, and 10 mg samples of MgO-MSCNs (Mg/Si=0,
0.4, 0.6, 0.8, 1.0) were added to EP tubes containing 2 ml IMC
methanol solution. A sealing film was capped to the EP tubes
to avoid methanol volatilization during the equilibration pro-
cess. Experiments were carried out in a temperature con-
trolled table concentrator. Samples were collected at 0, 10, 20,
30, 45, 60, 120, 180 and 240 min for IMC analysis. Adsorption
isotherms were obtained by varying the initial IMC concentra-
tion from 0.5 to 5 mg/ml in 2 ml EP tubes with 10 mg carriers.
The samples were collected at 0 and 48 h to quantify the initial
and final IMC concentrations.

The IMC uptake q (mg IMC per g MgO-MSCNs) was deter-
mined by mass balance, as follows [14]:

qt = (CO — Ct) X V/m (1)

Where Cy and C; are IMC concentrations (mg/l) at time 0 and t,
respectively, V is the volume of the solution (ml), and m is the
mass of MgO-MSCNs (mg).

2.5.  Drug loading procedure

IMC was incorporated into the pores of MgO-MSNCs samples
by an adsorption equilibrium method. In detail, the carriers
and IMC/methanol (10 mg/ml) were mixed (the mass ratio of
IMC to carrier was 1/3, w/w). Then, the mixture was allowed to
reach adsorption equilibrium under gently stirring for 24 h at

room temperature in a closed container. Finally, the mixture
was centrifuged at 10 000 rpm to obtain a powder precipitate
which was washed with methanol to remove residual drug on
the surface of the carrier. The product was then dried at 40 °C
until the organic solvent was removed. The loaded samples
were referred as IMC-MSCNs and IMC-MgO-MSCNSs.

2.6.  Invitro study of the dissolution rate

Dissolution experiments were carried out in phosphate buffer
(pH 6.2), using a USP II paddle method (75 rpm, 37 °C and
900 ml dissolution medium) with a dissolution instrument
(KC-8D, Tianjin Guoming Medical Equipment Co. Ltd.). At first,
IMC-loaded samples (equivalent to 20 mg IMC) were added to
the dissolution medium, and then 5 ml samples of the release
medium were collected and passed through a 0.22 pm mem-
brane filter at regular intervals. Finally, the concentration of
the released IMC was determined at 318 nm by UV-vis spec-
trophotometry (UV-2000, Unico, USA).

2.7. In vitro cytotoxicity studies

Caco-2 cells were cultured using Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with 10% FBS, 1% non-
essential amino acids, penicillin and streptomycin. The cul-
ture was maintained at 37 °C at an atmosphere of 5% CO,
and 95% relative humidity. To evaluate the in vitro cytotoxic-
ity of the MSNCs and MgO-MSNCs nanoparticles, Caco-2 cells
were seeded onto 96-well plate at a density of 2 x 10%/well
at 37 °C for 24 h. Subsequently, the cells treated with vari-
ous concentrations of MSNCs and MgO-MSNCs carriers (20,
50, 100, 200, 500 pg/ml) for another 24 h. The cell viabil-
ity was evaluated by using MTT 3-[4, 5-dimethylthiazol-2-
yl]—2, 5-diphenyltetrazolium bromide) assay. Then, 20 pl MTT
(5 mg/ml) solution was added into each well and further in-
cubation for 4 h at 37 °C. Finally, the mixture was taken out
and 150 pl DMSO was added into the wells to dissolve the for-
mazan crystals produced by the living cells. The absorption of
each well was measured at a wavelength of 570 nm using a
microplate reader (SpectraMax M3, Molecular Devices, USA).

3. Results and discussion
3.1.  Sample morphology characterization

During the preparation process of MSNCs, triblock copolymer
P123 was used as a template due to its ability to self-organize
into micelles. The addition of the organic swelling agent n-
decane, which was soluble in the hydrophobic cores of the
surfactant micelles, will produce a larger micelle size and,
consequently, leading to a greater pore diameter [5]. Com-
pared with the traditional mesoporous silica material SBA-
15, which was known as a rod-shaped morphology with uni-
form pore size, the addition of n-decane made the structures
of MSNCs become 3-dimensional cocoon-like pouches instead
of 2-dimensional nano-chunks as shown in Fig. 1A and B.
Therefore, n-decane might play two roles in the synthesis pro-
cess. Initially, it acted as a swelling agent to produce P123
micelles with a large diameter. More importantly, n-decane
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Fig. 1 - TEM images of (A, B) MSCNS, (C) 0.4MgO-MSCNss, (D) 0.6MgO-MSCNs, (E) 0.8MgO-MSCNs, and (F) 1.0MgO-MSCNs.

allowed the formation of the O/W emulsion, in which the P123
micelles aggregated to form a layer by layer structure. When
the silica source (TEOS) was added to the water-rich-layer ob-
tained, a hydrolysis reaction occurred, giving a mesostruc-
tured nanocomposite. After calcination, the triblock copoly-
mers were removed, and the final product was obtained.

The MgO-MSNCs were prepared in situ by a one-spot
method, in which Mg(NO3),*6H,0 was added to the water-rich
layer and stirred for 0.5 h before 0.03 g NH4F was added. This
resulted in basic mesoporous material being obtained from
the strongly acidic system. The inner structures of MSNCs
and MgO-MSNCs were characterized by TEM and the results
are shown in Fig. 1. It was found that the materials are 3-
dimensional cocoon-like pouches. The wall of these cocoons
is curved and the ordered channels are also curved. These per-
spective images were due to superposition of the nanosized
cocoon-like units. The TEM results indicated that the addi-
tion of the precursor salt Mg(NO3),+6H,0 in synthetic process
did not markedly change the mesoscopic order of the MSNCs,

and the smooth MgO layers were formed on the surface of
MSNCs.

Another interesting phenomenon is that magnesium ox-
ide was obtained in a strongly acidic solution (pH < 1) with-
out interaction, since the magnesium oxide was alkaline. But
how the magnesium ions enter the curved and ordered chan-
nels of the as-made sample, this may be attributed to the mo-
bility of P123 in the channels of the material. Since the sur-
factant can be easily extracted by water, it also enables Mg?+
cations to migrate and combine with the PEO head of P123
in the inner pores. At the same time, Mg?t cation also has
a chance to connect with surface silanol groups. According
to the preparation procedure, when the sample was removed
from the evaporation step without further drying and calci-
nation, and re-dispersed in the distilled water, the pH value
was less than 1, indicating that the large amount of HCI re-
mained in the sample, no MgO may exist in such acidic con-
dition. Then the mixture was continued to stir at 40 °C for 2 h,
filtrated, washed with water, dried at 60 °C and calcined at
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Fig. 2 - The diameter and PDI of MgO-MSCNs with different
Mg/Si ratios.

550 °C. Based on these observations, incorporation of magne-
sium in MSNCs did not occur in the initial hydrothermal step,
but probably in the evaporation step. The magnesium species
survived in the strong acid solution (pH < 1), of course they
were not basic or soluble but probably anchored with surface
silanol groups. Once the Si-O-Mg monolayer is formed, they
would be converted to an MgO layer in the calcination process,
changing both the surface area and pore volume of MSCNs
[15]. The 0.4MgO-MSNCs, 0.6MgO-MSNCs, 0.8MgO-MSNCs and
1.0MgO-MSNCs samples possesses a basicity of 10.69, 17.86,
21.79 and 31.94 mmol OH~/gin titration as shown in Fig. S1, re-
spectively. The size distribution and polydispersity index (PDI)
were measured to identify the uniformity of nanoparticles as
shown in Fig. 2. The diameters of MgO-MSCNs with different
Mg/Si ratios were about 1000-1700 nm with the PDI less than
0.3,indicating that the carriers had the relatively uniform par-
ticle sizes.

The structures of the products were also investigated
by the Brunauer-Emmett-Teller (BET) nitrogen adsorption
isotherm, which is shown in Fig. 3A. From the figure, the spe-
cific surface area of the sample ranges from 478.99 m?/g to
524.32 m?/g, and ordered mesoporous materials with a nar-
row pore size distribution from 9.79 nm to 16.01 nm are sug-
gested by the inset of Fig. 3A. Compared with the conventional
SBA-15, the larger pore size is probably due to the presence of
n-decane in the P123 micelles [16].

The pore diameter, surface area and total pore volume of
different samples are shown in Table 1 and Fig. 3B. The surface
area, total pore volume and pore diameter were all increased
with an increase in the content of magnesium nitrate. This
can be explained by the Hofmeister theory, in which Na*, CI~
and CH3COO™ are generally salting-out ions, which can be re-
garded as water-structure-makers or cosmotropic ions, while
Mg?t and NO;~ are salting-in ions, as we call them, water-
structure-breakers or chaotropic ions [15]. Due to the salting-
in nature of Mg?* and NO;~, the added magnesium nitrate en-
hances the formation of the polar environment, and hinders
the dehydration of PEO blocks, which promotes the formation
of the hybrid interface between the silica and PEO segments,

Table 1 - Pore diameter, surface area and total pore vol-

ume of different MgO-MSCNs samples.

Different ratios Dp (nm) Sger (M?/g) Vi (cm3/g)
Mg/Si=0 9.79 478.99 1.26
Mg/Si=0.4 10.82 500.96 1.34
Mg/Si=0.6 12.34 513.81 1.45
Mg/Si=0.8 13.21 522.64 1.72
Mg/Si=1 16.01 524.32 1.77

followed by an increase in the surface area and pore volume
of MSNCs. A schematic illustration of the in-situ emulsion-
assisted process is proposed in Scheme 1.

3.2 Adsorption kinetics

The adsorption of drug molecules onto porous matrix mate-
rials is determined by the pore size distribution and surface
properties. The pore size of supporting carrier determines the
number of drug molecules that can be adsorbed into its chan-
nels. In other words, compared with classic SBA-15 materials,
more drug molecules may be adsorbed into such cocoon-like
silica materials due to the larger pore size. Owing to the al-
kaline surface of MgO-MSCNs, it was also very useful for the
acidic drug loading. The adsorption kinetics of the products
was used to investigate the saturated adsorption capacity of
MgO-MSCNs.

The molar ratio of Mg/Si is an important factor in the ad-
sorption process. The effect of the molar ratio on the ad-
sorption of IMC by MgO-MSCNs was studied from 0 to 1 at
Co = 2 mg/ml and an MgO-MSCNs mass of 10 mg. As shown in
Fig. 4, an increase in the molar ratio resulted in an increased
IMC adsorption rate and equilibrium sorption capacity, with
the equilibrium IMC adsorption increasing from 28.34 mg/g at
Mg/Si=0 to 67.94 mg/g at Mg/Si=1, while the time required
to reach sorption equilibrium was 240 min. This may be at-
tributed to that the basicity of MgO-MSCNs was stronger at a
higher molar ratio of Mg/Si, which resulted in stronger com-
bining force interaction between MgO-MSCNs and the car-
bonyl group of model drugs IMC.

Parameters from two kinetic models, pseudo-first-order
[17] and pseudo-second-order [18], were fitted to the experi-
mental data to evaluate the adsorption kinetics of IMC uptake
by MgO-MSCNSs.

The pseudo-first-order equation describes adsorption in
solid-liquid systems based on the sorption capacity of solids
[17]. The linear form of the pseudo-first order model can be
expressed as:

log(de — q:)=logqe — k1t/2.303 @)

Where g, and q: (mg/g) are the adsorption capacities at equi-
librium and at time t, respectively.

The constants, k; and ge, in the experiment were calcu-
lated using the slope and intercept of plots of log(qe. — qt) ver-
sus t (Table 2, Fig. 5A). The fit lines at each Mg/Si ratio yielded
relatively low R;? values and the experimental observations
suggests that application of the equation is inappropriate as
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Table 2 — Adsorption kinetic model rate constants for IMC adsorption on MgO-MSCNSs.

Sample Qe,exp (Mg/g) First-order Second-order

k1 (min) e,cal (Mg/g) R1? ko x 1073 (g/mg/min) e,cal (Mg/g) R,?
MSNCs 28.34 0.0067 7.99 0.83633 7.44 27.32 0.9992
0.4MgO-MSNCs 36.71 0.0090 8.87 0.7431 6.14 34.01 0.9965
0.6MgO-MSNCs 40.65 0.0113 10.45 0.7314 7.71 35.71 0.9993
0.8MgO-MSNCs 50.84 0.0124 11.73 0.7937 8.22 49.02 0.9992
1.0MgO-MSNCs 67.94 0.0193 43.17 0.9742 8.15 71.43 0.9784

the experimental observations are nonlinear when plotted in
this manner. In addition, the agreement between the exper-
imentally observed equilibrium adsorption and that derived
using Eq. (2) is poor. This suggests that the adsorption of IMC
on MgO-MSCNs did not follow pseudo-first-order kinetics.

The pseudo-second-order rate expression [18] can be lin-
early expressed as:

t/qc = 1/k2Qe2+t/Qe ®3)

Where k, is the rate constant for pseudo-second-order ad-
sorption (g/mg/h) and k,qe? or h (mg/g/h) is the initial adsorp-
tion rate.

The experimental values of the solid phase concentration
of adsorbate at equilibrium (ge,exp) and the calculated value
of the solid phase concentration of adsorbate at equilibrium

(qe,calc) for the pseudo-second-order models are also shown in
Table 2 and Fig. 5B. Shows that the fitted equilibrium adsorp-
tion capacities derived from Eq. (3) are similar at each molar
ratio and in close agreement with those observed experimen-
tally, and also, the calculated correlation coefficients (R,?) are
also closer to unity of pseudo-second-order kinetics. There-
fore, the IMC adsorption by MgO-MSCNs can be more appro-
priately described by the pseudo-second-order kinetic model
and IMC is adsorbed onto MgO-MSCNs via a chemical interac-
tion.

3.3.  Adsorption isotherms

Various adsorption isotherm equations were used to de-
scribe the equilibrium nature of adsorption. The Freundlich
isotherm is suitable for highly heterogeneous surfaces, while
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isotherms for IMC adsorption on MgO-MSCNs (n =3).

the Langmuir equation [19] is valid for homogeneous surfaces.
Regarding the Temkin isotherm, this takes into accounting the
interactions between the adsorbing material and the adsor-
bate. The isotherm assumes that the heat of adsorption of the
molecules decreases linearly with coverage due to their inter-
actions and the adsorption is characterized by a uniform dis-
tribution of binding energies [20].

In this experiment, the adsorption of IMC by MgO-
MSCNs was modeled using the Freundlich (Fig. 6A), Lang-
muir (Fig. 6B), and Temkin isotherms (Fig. 6C). The isotherm
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Table 3 - Langmuir, Freundlich, and Temkin isotherm
model parameters and correlation coefficients for adsorp-

tion of IMC on MgO-MSCNSs.

Table 4 - Property characterization for drug carriers after

drug loading.

Sample Dy SBET Vi Loading
Isotherm Sample Parameters (nm) (m?/g) (cm3/g)  content (%)
ke n R? MSNCs <2 10290 073 12.95 + 1.23
Freundlich  MSNCs 0.074 1.24 0.9895 g‘gxgg'xgzgz zi 2;‘23 8‘23 1;}‘32 i 2‘21
0.4MgO-MSNCs —0.135 135 0.9880 0:8M§O—MSNCS <2 18.10 0.18 18.95 4 0.59
0.6MgO-MSNCs — 0.118 129 09568 1.0MgO-MSNCs <2 5.74 0.04 23.45 £ 0.77
0.8MgO-MSNCs 0.148 1.09 0.9747
1.0MgO-MSNCs 0.196 1.34 0.9926
Langmuir Sample am (mg/g) ki x 10° R?
MSNCs 177.58 g./;r;g) 0.0848 The parameters of IMC adsorption on MgO-MSCNs were
0.4MgO-MSNCs ~ 233.29 10.42 0.9798 in good agreement with the observed behavior. In the equa-
0.6MgO-MSNCs ~ 237.11 11.43 0.9595 tion, K; indicates the affinity of IMC for the adsorbents,
0.8MgO-MSNCs  238.26 12.86 0.9612 and the maximum adsorption capacity of IMC ranged from
1.0MgO-MSNCs ~ 275.44 13.01 0.9868 177.58 mg/g to 275.44 mg/g with an increasing Mg/Si molar ra-
Temkin Sample kr x 10° b R2 tio.
MSNCs 2.67 24.51 0.9301 The Temkin isotherm model assumes that the adsorption
0.4MgO-MSNCs 292 25.10 0.9307 energy decreases linearly with the surface coverage. The lin-
B ORENES ) e Uate, ear form of the Temkin isotherm is:
0.8MgO-MSNCs 2.86 31.10 0.8802
1.0MgO-MSNCs 3.76 32.20 0.8970

constants and the correlation coefficient (R?) with the experi-
mental data are listed in Table 3.

The Freundlich isotherm is suitable for both monolayer
and multilayer adsorption, and it is based on the assumption
that the adsorbate is adsorbed on the heterogeneous surface
of an adsorbent [21]. The linear form is expressed as:

log ge= logKr + logCe/n (6)

Where Kr and n are Freundlich isotherm constants related to
the adsorption capacity and adsorption intensity, respectively
and C is the equilibrium concentration (mg/l).

The Freundlich isotherm constants Ky and 1/n represent
the adsorption capacity and adsorption intensity, respectively.
Since the n values are greater than one, this indicates that the
affinity between the adsorbate and adsorbent is high. In other
words, IMC is well adsorbed by MgO-MSNCs. The high correla-
tion coefficients (R?) indicate that the interaction between the
two materials is one of chemisorption.

Since the Freundlich isotherm does not predict the satu-
rated adsorption capacity of the adsorbent surface by the ad-
sorbate. So, the maximum adsorption capacity of adsorbent
(qm) is calculated by the Langmuir isotherm equation.

The Langmuir isotherm assumes that only monolayer ad-
sorption can occur on the surface of the adsorption sites. Once
a site is filled, no other sorption can take place at that position.
When the surface eventually reaches saturation, the maxi-
mum adsorption will be obtained. The Langmuir isotherm
model is described as:

Ce/qe= 1/K1qm+Ce/qm (5)

Where K} is the Langmuir constant related to the energy of ad-
sorption and gy, is the maximum adsorption capacity (mg/g)
[21].

ge= RTInKr/b+RTInC./b (7)

Where b is the Temkin constant related to the heat of sorption
(J/mol) and Kr is the Temkin isotherm constant (I/g) [22].

The Temkin isotherm model is also used to confirm
whether the interaction between the adsorbate and the adsor-
bent is one of chemisorption [23]. From Table 3, the correlation
coefficients (>0.90) demonstrated that the adsorption of IMC
on MgO-MSCNs fitted quite well with the Temkin isotherm
equation. This further supports the finding that the adsorp-
tion of IMC onto MgO-MSCNs particles was dominated by a
chemisorption process.

3.4.  Drug loading and characterization

In the drug loading process, IMC was incorporated into
MgO-MSCNs samples by the adsorption equilibrium method.
Methanol was selected as the solvent because of the good
solubility of IMC in methanol. The drug loading amount was
determined by UV spectrometry, and the results are listed in
Table 4. The drug loading amount of IMC in five different car-
riers increased with an increasing of Mg/Si molar ratio, which
was in agreement with the results of adsorption kinetics ex-
periments. The surface areas and pore size of the obtained
carriers were significantly reduced after drug loading. Because
the basicity of the carrier enhanced with the increase of MgO
doping ratio in composites, and the binding force with the
acidic drug was also increased. The larger space of the carrier
surface and the channel occupied by the drug IMC, the smaller
surface area of the carrier after drug loading.

The morphology of the drug-loaded samples was studied
by TEM as shown in Fig. S2. Compared with unloaded MgO-
MSCNs samples, most of the pore channels were not clear, in-
dicating that a large number of the pore channels had been
filled with IMC. In addition, the diameter and PDI of IMC-
1.0MgO-MSCNs was 1127 nm with a PDI of 0.306, which was
similar to that of 1.0MgO-MSCNs.
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The physical state of IMC in MgO-MSNCs was characterized
by XRD and DSC. Powder samples were scanned over the 26
angle range from 10° to 60°, and XRD result is shown in Fig. 7A.
The raw IMC showed intense and characteristic crystalline
diffraction peaks at 26 = 11.4°, 17.5°, 19.5°, 21.6° and 25.2°.
However, no distinctive crystalline peaks of the drug were ob-
served after the drugloaded into the mesoporous MgO-MSNCs
composite, indicating that the drug loaded in the carrier was
in an amorphous state. DSC measurements were used to fur-
ther verify the physical state of IMC. As shown in Fig. 7B, IMC
raw drug has a sharp melting point, however, there was no
endothermic peak in the range of 50-400 °C in IMC loaded
samples. The results showed that the drug can be completely
loaded into the inner channel of the carrier, and the drug was
in an amorphous state, which is consistent with the results of
XRD.

FTIR spectrum can also provide the evidence of anion com-
plexion with cation in the sample of MSNCs and MgO-MSNCs
as shown in Fig. 8A. The peaks at 1090.8 and 804.0 cm~! of

unmodified mesoporous MSNCs were because of the asym-
metric and symmetric stretching of Si-O-Si lattice vibra-
tions, respectively. The peaks at 1634.6 and 960.6 cm~! were
attributed to Si-OH. After the MSNCs were assembled by
MgO, the characteristic peak of Si-OH at 1634.6 cm~! became
stronger with increasing MgO simultaneously. It could be ex-
plained as follows, with the increasing of MgO content, the
number of water molecules interacting with the Si-O-Si of
MSNCs was also increased in order to form the surface hy-
droxyls. When the MgO ratio rises to 1.0, the peak began to
decrease. This phenomenon may be explained by the surface
hydroxyls beginning to release H*, which leading to decreased
amounts of the surface hydroxyls.

To get a better understanding of the intercalation mode
between the IMC drugs and the prepared silica matrix, the
FTIR spectrum was also used to describe the possible inter-
molecular interactions, as depicted in Fig. 8B. The character-
istic peaks of pure IMC were 1717.6 and 1691.4 cm~1, which
were corresponding to the carbonyl group of the acid and
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Fig. 9 - Dissolution profiles of MgO-MSNCs with different molar ratios and raw IMC (A) 48 h and (B) 6 h.

amide, respectively. In contrast, when the IMC-loaded silica
were formulated, the originally carbonyl stretching peaks be-
came weaker and broader, and shifted to lower wave num-
bers of 1705 and 1678 cm™1, respectively. This phenomenon
indicated that the acid and amide functional groups of IMC
were reacted with the hydroxyl of the silica surface. Some re-
searchers have been published on the interactions between
acid drug molecules and unmodified or MgO modified silica
matrices, wherein the hydroxyl group on the surface of silica
tends to interact with the carbonyl group of the drug [12]. The
FTIR results confirmed that IMC have been successfully loaded
into the obtained mesoporous silica materials.

3.5.  Invitro release profiles

In vitro release tests were carried out to study the application
of MgO-MSCNs as a drug carrier and to investigate the effect
of different Mg/Si ratios of samples on the dissolution behav-
ior of IMC. The release of IMC from MgO-MSCNs mainly in-
volved two stages: burst release and slow release. The rea-
son for the initial burst release was probably due to the fact
that the drug is present in the outer pores of mesoporous
materials. As shown in Fig. 9(A) and (B), the release rate of
IMC from pure MSNCs was much faster than that from raw
IMC. Since IMC is a BCS class II drug, the dissolution rate of
IMC within 1 h was about 65% because of its poor dissolu-
tion. So, the most likely reason for the improved dissolution
may be the spatial confinement of the MSNCs pores, which
reduced the degree of IMC crystallization and maintained the
drugin a non-crystalline state, which effectively increased the
dissolution rate. Because of the addition of swelling agents,
MSCNs have relatively larger pores (9.79 nm), and the spa-
cious pore channels means they encounter less diffusion re-
sistance and escape more easily into the dissolution medium.
The whole release process of the drug molecules involves the
drug dissolving in the dissolution medium and escaping from
the pore channels. Therefore, larger pores allow the dissolu-
tion medium to penetrate more easily into the carriers pore
channels, and the drug molecules would have more chance of

being released from the carriers. So, it could be predicted that
MSNCs could significantly increase the release rate of poorly
water-soluble drugs owing to their large pores and open pore
structure.

In Fig. 9A and B, the release rates of IMC from MgO-MSCNs
samples were slower with an increase in the Mg/Si ratio. The
dissolution rate of IMC from the Mg/Si=1 sample within 1 h
was only about 29%, while the Mg/Si=0 sample had a re-
lease rate of IMC of 92%. In the first 6 h, 95% of the IMC
was released from the Mg/Si=0 sample, and the cumulative
release of IMC from Mg/Si=1 sample was 57%. After 6 h,
the release rate slowed down. The maximum amount of IMC
released is 85% and 99% within 48 h, respectively. The dif-
ferent dissolution rates can be attributed to the formation
of stronger bonds between the acidic IMC drugs and basic
samples compared with those between the drugs and MgO-
MSCNs. With the increasing Mg/Si ratio, the amount of the
surface hydroxyl was higher, IMC with the carbonyl group of
the acid and amide was apt to interact with the surface of
the carriers and, so the interaction between them is greater,
which results in a slower release rate. Since all the five carri-
ers possess a similar morphology, the pore size may also in-
fluence the release rate. However, to our surprise, the larger
pore size of Mg/Si=1 did not markedly influence the rate of
drug release. In our drug delivery system, the combination of
an acidic drug and alkaline carriers plays the most important
role.

3.6.  Invitro cell cytotoxicity evaluation

The results of MTT assays in Fig. 10 indicated that both MSCNs
and MgO-MSCNs exhibited negligible cytotoxicity on Caco-2
cells at tested concentrations. Even at the highest concen-
tration of 500 pg/ml, cell viability was higher than 85%. The
negligible cell cytotoxicity of MgO-MSCNs against Caco-2 cells
might due to the relatively large particle size which was hardly
to be uptake by the cells. These results indicated that MSCNs
and MgO-MSCNs could be used as the safe carriers for oral
drug delivery.



ASIAN JOURNAL OF PHARMACGEUTICAL SCIENCES 14 (2019) 275-286 285

= 100 EEE (Y
Q R 1= !  EE MSCNs
f;_; =\ = Z % Z E= 0.4MgO-MSCNs
£ ERR = é Z g E3 0.6MgO-MSCNs
S sl BE =N Z | S 0.8MgO-MSCNs
> = 1S é Z é 1.0MgO-MSCNs
° = =N 7
S 25| B = 'E % Z g

0- .%\ :;\ .i é b Z b é

W Y &>
Concentration (ng/ml)

Fig. 10 - Effect of MSNCs and MgO-MSNG s on cell viability of Caco-2 cells by MTT assay.

4, Conclusion

In summary, the novel ordered mesoporous MgO-modified
mesoporous silica cocoons (MgO-MSNCs) with different Mg/Si
molar ratio were prepared to encapsulate the acidic drugs. The
adsorption was found to be strongly dependent on the Mg/Si
molar ratio. The IMC adsorption rate and the maximum ad-
sorption capacity with the increase of Mg/Si molar ratio. And
the adsorption kinetics could be accurately described by the
pseudo-second-order kinetic model. The Freundlich isotherm
produced a good fit, indicating that the coverage of the MgO-
MSNCs surface with IMC was heterogeneous. The maximum
adsorption capacity of adsorbent is calculated by the Lang-
muir isotherm equation. The experimental data also fitted
the Temkin equation well, which further supports the hy-
pothesis that the IMC adsorption on MgO-MSNCs was dom-
inated by a chemisorption process. Since MgO-MSNCs sam-
ples have a stronger affinity for drug molecules compared
with pure MSNCs, MgO-MSNCs have the advantage of ad-
justing the drug release rate of IMC. We also believe that
our research on MgO-MSNCs carriers highlights the poten-
tial therapeutic benefits associated with the safe and effec-
tive management of the acidic drug adsorption and in vitro re-
lease.
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