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ARTICLE INFO ABSTRACT

Keywords: This paper prepared drug-loaded mesoporous silica composites with a pH-responsive type. These
SBA-16 composites were prepared by using three-dimensional caged silica (SBA-16) as the carrier, 3-ami-
Mesoporous

nopropyl trimethoxysilane (APTMS) as the silane coupling agent, and indomethacin (IMC) as the
loaded drug, respectively. The drug-loaded precursor NH,-SBA-16@IMC was prepared by solu-
tion diffusion adsorption. Finally, the pH-responsive drug-loaded composites NH3-SBA-
16@IMC@GA were synthesized by wrapping the NH,-SBA-16@IMC with a condensation polymer
of gelatin and glutaraldehyde. The composition and structure of the drug-loaded composites were
characterized by FT-IR, XRD, TG, SEM, TEM, and N, adsorption-desorption. The in vitro simu-
lated release performance of the drug-loaded composites was investigated at 37 °C under three pH
conditions. The results show that the NH,-SBA-16@IMC@GA can be released in response to
specific pH environment, which can effectively control the release speed of the indomethacin.
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1. Introduction

Nanotechnology in hygiene and medicine, namely nanomedicine, is one of the most promising and fascinating areas of research
today [1, 2, 3, 4]. Nanoparticles are revolutionizing the medical field for disease treatment, physiology monitoring, and health pro-
tection. As drug carriers of nanomaterials, especially those capable of generating stimulatory responses, they can change the mech-
anism of drug metabolism and improve drug utilization. The carrier is administered in the case of the lesion, which can increase the
efficacy of the drug and reduce the side effect of the drug. Therefore, it has been a greatly concerned for the scientific and techno-
logical, and industry [5, 6, 7, 8, 9, 10].

There are many types of drug carriers as nanomaterials, among which the research hotspots are mesoporous carbon and meso-
porous silica, especially mesoporous silica is a material that has been hotly discussed in recent years. Since Mobil Corporation first
reported the MCM-41 series of mesoporous silica molecular sieves, mesoporous silica materials have shown great application prospects
[11]. Since then, mesoporous materials have attracted more and more attention as carriers for nano-drug systems and targeted therapy.
In the past few decades, mesoporous silica materials have shown an increasing index of potential drug delivery applications, especially
in oral dosage forms [12, 13, 14, 15, 16]. Szegedi et al. used different amounts of 3-aminopropyl triethoxysilane to prepare MCM-41
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with a spherical structure and small particle size (100 nm) for a comparative study of the adsorption and release of ibuprofen [17]. Xu’s
group reported that triethyl-modified MCM-41, only 75% of ibuprofen was released after 48 h, and pure silica MCM-41 was then
released completely at 1 h. And with the increase of the grafting group, the release rate of ibuprofen also increases, so the control rate
of ibuprofen release can be controlled by changing the grafting amount of trimethylsilane [18]. Although the drug-release performance
of mesoporous molecules can be regulated by modifying the screening aperture and surface, it is still difficult to achieve real intelligent
control of drug release. The more effective method is the high loading of mesoporous silica and other materials such as magnetic
nanoparticles, and hydrogel, the stability of silica-based mesoporous materials, high loading, and intelligent materials responsiveness
to the environment, build a new intelligent drug delivery system, which has become another research hotspot in recent years [19, 20,
21].

The pH-responsive type is the controlled release of drugs by modifying acid-degradable materials, pH-sensitive bonds, or poly-
electrolytes on the surface of mesoporous silica. Han et al. prepared a pH-responsive multilayer nanocarrier material carrying
doxorubicin and small interfering RNA (siR-NA). Under weak acid and neutral (phosphate buffer solution) conditions, doxorubicin and
siRNA were hardly released within 24 h, while under acid conditions, they had obvious release behavior [22]. Shi’s team using
mesoporous hollow ball hollow core and interoporous shell through the pore and polyelectrolytes has the characteristics of envi-
ronmental response, through layer upon layer self-assembly technology, wrapped in mesoporous hollow ball outer layer of poly-
electrolyte to pH or ion strength conditions produce structural performance response, realize the mesoporous hole plugging and open,
thus play a drug control release of “switch” role [23,24]. Cui et al. constructed a novel synthetic peptide brush-wrapped organ-
ic-inorganic nanohybrid drug delivery system (MSN@PBLGF), and achieved targeted and controlled release of the drug under GSH and
thermal stimulation. The targeted and controlled release of the drug was achieved under GSH and thermal stimulation [25].

At present, there are many studies on the sustained release of two-dimensional hexagonal mesoporous silica as drug carriers, such
as MCM-41 and SBA-15. Related studies based on three-dimensional cage-like structures have also been reported, such as SBA-16.
Compared with the two-dimensional structure, the three-dimensional cubic cage structure has a larger cage diameter, but a smaller
pore entrance and pore channel, which is more conducive to drug administration [26, 27, 28]. Therefore, it is more meaningful to use
SBA-16 as a nano-drug carrier in this study [29, 30, 31, 32, 33, 34, 35, 36]. However, pH-responsive composites prepared with SBA-16
as the carrier, indoleomycin as the carrier center, and gel polymer as the coating agent have not been reported.

In this paper, the drug-loaded precursor NH,-SBA-16@IMC was prepared by solution diffusion adsorption using SBA-16 as the
carrier, APTMS as the silane coupling agent, and IMC as the drug-loaded center. Finally, the pH-responsive drug-loaded composites
NH,-SBA-16@IMC@GA were synthesized by wrapping the NH»-SBA-16@IMC with a condensation polymer of gelatin with
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Scheme 1. Schematic representation of the preparation process of NH,-SBA-16@IMC@GA drug-loaded composite.
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glutaraldehyde (Scheme 1). The in vitro simulated release performance of the NH,-SBA-16 @IMC@GA was investigated under three pH
conditions at 37 °C. The results showed that the drug-loaded composites were capable of responsive release in a specific pH envi-
ronment and could effectively control the release rate of the drug IMC. According to the results, the release process of the drug-loaded
composites NHz-SBA-16 @IMC@GA conformed to the first-order drug release equation and the Higuchi plane diffusion mode equation.

2. Experimental
2.1. Materials and chemicals

Tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyl trimethoxysilane (APTMS, 99%), Pluronic P123 (EO2yPO7oEOy), and
Pluronic F127 (EO196PO7oEO106) were purchased from Sigma-Aldrich. Indometacin (IMC, 98%), Gelatin (GA, 98%), Glutaraldehyde
(98%), Hydrochloric acid (HCl, 37%), Toluene (99%), Acetone (98%), Methanol (98%), and Potassium chloride (KCl, 98%) were
purchased from Tianjin Chemical Plant. All chemical materials were used without further purification. Deionized water was used in all
experiments.

2.2. Materials characterization

The FT-IR spectra were collected on a Thermofisher Nicolet-IS50 Fourier-Transform Infrared Spectrometer using a KBr pellet
technique in the 4000-400 cm ™! range. The small-angle and wide-angle X-ray diffraction (XRD) patterns were obtained on a Rigaku
Smartlab X-ray diffractometer keeping Cu Ka (A = 0.154 nm) radiation at 45 kV and 30 mA. The scan 26 range of small-angle XRD was
set between 0.6° and 5° with a scan rate of 2° min~" and 260 between 10° and 70° with 10° min~"! for wide-angle measurements. Specific
surface area, porosity, and pore volume of samples were evaluated on a Micromeritics model ASAP-2020 M instrument using the BET
and BJH methods. The materials morphology was examined using an S-700 scanning electron microscopy (SEM) operating. TEM
images were obtained on a JEOL JEM-2010 transmission electron microscope.

2.3. Preparation of drug-loaded composites

SBA-16 and NH»-SBA-16 were prepared using a modified method from the literature [37,38]. A schematic diagram of the prep-
aration of the NH3-SBA-16@IMC@GA drug-loaded composite was shown in Scheme 1.

2.3.1. Preparation of SBA-16

Added 3 g of potassium chloride to 40 mL of hydrochloric acid solution at 35 °C, and then added 0.14 g P123 and 0.74 g F127 and
stirred until it was completely dissolved [37]. Then 4.5 mL of TEOS was added, and stirring was continued for 24 h at room tem-
perature. All the obtained mixed liquid was transferred to a polytetrafluoroethylene crystallization kettle, crystallized at 100 °C for 24
h, the obtained solid was washed and centrifuged, and dried at 45 °C in a vacuum for 48 h. Finally, the dried sample was placed in a
tube furnace and calcined at 550 °C under air conditions for 6 h to remove the templating agent, and a white powdery solid SBA-16 was
obtained.

2.3.2. Preparation of NH,-SBA-16

Added dry 0.5 g of SBA-16 carrier to 25 mL of toluene at room temperature, and ultrasonically disperse for 45 min. Then 0.5 mL of
APTMS was added, and the mixture was heated under reflux and stirred for 24 h under a nitrogen atmosphere [38]. The obtained solid
was filtered and washed, and dried under vacuum at 80 °C for 24 h to obtain white powder NH,-SBA-16 composite.

2.3.3. Preparation of SBA-16@IMC and NH2-SBA-16@IMC drug-loaded precursors

The composite material is prepared by the adsorption equilibrium solvent evaporation method. Dissolve 0.5 g of indomethacin IMC
in 25 mL acetone, add 1.0 g of NH»-SBA-16 and sonicate for 1 h, then stir and adsorb at 37 °C for 24 h. The mixed system was vacuum
dried at 55 °C, the solvent was slowly evaporated, milled, and washed, and the white solid was finally obtained as NH2-SBA-16@IMC
drug-loaded precursor. SBA-16@IMC drug-loaded precursor material was prepared via the same method but using SBA-16 instead of
NH,-SBA-16.

2.3.4. Preparation of SBA-16@IMC@GA and NH2-SBA-16@IMC@GA drug-loaded composites

A 50 mg/mL gelatin solution was prepared at 40 °C, and then 1.0 g NH,-SBA-16@IMC was uniformly dispersed in 20 mL of the
prepared gelatin solution. The mixture was shaken in a shaker at 50 °C for 6 h, and then the deionized water was added at 4 °C, mixed
evenly, and washed twice by centrifugation. Then slowly add 0.6 mL of 50% glutaraldehyde solution and stir for 2 h. Next, the samples
were washed several times with deionized water and dried in a vacuum. Finally, a reddish-brown solid product was obtained, which
was labeled as NHy-SBA-16@IMC@GA (GA is expressed as the condensation polymer of gelatin with glutaraldehyde). SBA-
16@IMC@GA drug-loaded composite was prepared via the same method but using SBA-16@IMC instead of NHy-SBA-16@IMC.
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3. Results and discussion
3.1. FT-IR spectra

The FT-IR spectra of IMC, SBA-16, NH,-SBA-16, SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH,-SBA-
16@IMC@GA composites were presented in Fig. 1. It can be seen from the results that indomethacin IMC had a strong absorption peak
near 1700 cm ™}, which was attributed to the carbonyl stretching vibration peaks in the amide and carboxyl groups in the structure; and
the three absorption peaks at 1456, 1479, and 1590 cm ™! belonged to the skeleton vibration of the benzene ring, the above results
proved that indomethacin was a carboxylic acid drug [39]. The carrier SBA-16 showed the characteristic absorption peak of a typical
Si-O-Si bond at 1100 cm ™. In the NH,-SBA-16 material, a pair of weak absorption peaks at 2983 and 2937 cm ™! was attributed to the
symmetric and asymmetric stretching vibrations of the saturated C-H bond. These results indicated that the aminopropyl group
successfully modified to the surface of the carrier SBA-16. For the NH»-SBA-16@IMC and SBA-16@IMC materials, the characteristic
peaks of the aminopropyl group, Si-O-Si bond, and carboxylic acid appeared respectively, indicating that IMC had been encapsulated
successfully in the NH,-SBA-16 and SBA-16. For the gelatin-coated NH2-SBA-16@IMC@GA and SBA-16@IMC@GA drug-loaded
mesoporous materials, the C=0 stretching vibration peak around 1719 cm ™ for IMC was significantly weakened. However, the ab-
sorption peak at 1688 em ! was significantly enhanced, which was attributed to the formation of imine bonds after the condensation of
gelatin with glutaraldehyde, indicating that the drug-loaded porous materials were successfully encased in a layer of gelatin. More-
over, the characteristic absorption peaks of the benzene ring between 1450 and 1600 cm ™" of the two types of drug-loaded mesoporous
materials were weakened, which also proved that the gelatin successfully encapsulated the drug-loaded carrier.

3.2. Small-angle XRD

The Fig. 2 were IMC, SBA-16, NH,-SBA-16, SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH,-SBA-16@IMC@GA
composites of small-angle X-ray powder diffraction. According to the results, it can be seen that the drug IMC had no characteristic
diffraction peaks and no ordered structure. The results showed that the carrier SBA-16 exhibited a strong diffraction peak at 0.81°,
which belonged to the crystal plane diffraction peak of the (110) diffraction plane of the Im3m symmetric structure [37]. For the
NH,-SBA-16, SBA-16@IMC, and NH,-SBA-16@IMC composites, their djgg crystal plane diffraction peaks still existed, but the peak
intensity gradually decreased. Compared with the data of the SBA-16 carrier, the peak intensity of the d,o diffraction crystal plane in
the NH,-SBA-16@IMC composite sample with aminopropyl surface modifications and drug-coated IMC decreased, which can be
explained by a large number of aminopropyl and the drug IMC structural unit entered the mesoporous channel in the
NH,-SBA-16@IMC, and the filling of the channel reduced the scattering contrast between the channel and the wall of the mesoporous
material. For the two drug-loaded mesoporous materials SBA-16 @IMC@GA and NH,-SBA-16 @IMC@GA, the crystal plane diffraction
peaks of the djo diffraction crystal plane further decreased, proving that the gelatin was successfully cross-linked and uniformly and
densely encapsulated in the SBA-16@IMC and NH,-SBA-16@IMC drug-loaded precursor.

3.3. Wide-angle XRD

The wide-angle XRD patterns of IMC, SBA-16, NH,-SBA-16, SBA-16@IMC, NH>-SBA-16@IMC, SBA-16 @IMC@GA, and NH,-SBA-
16@IMC@GA materials were shown in Fig. 3. The results can be used to study the dispersion of drug IMC components in composites. A
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Fig. 1. The FT-IR spectra of IMC, SBA-16, NH»-SBA-16, SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA and NH-SBA-
16@IMC@GA composites.
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Fig. 3. The wide-angle XRD patterns of IMC, SBA-16, NH,-SBA-16, SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH,-
SBA-16@IMC@GA.

broad diffraction peak (20 = 15-30°) was exhibited for the composite of carrier SBA-16 and aminopropyl-modified NH>-SBA-16, which
was a typical characteristic diffraction peak of amorphous silica. In the SBA-16@IMC and NH»-SBA-16@IMC composites encapsulating
the drug IMC components, the diffraction peaks of the drug IMC components appeared at 11.7°, 16.5°, 19.4°, 22.1°, and 26.7°
respectively, in addition to the typical characteristic diffraction peaks of 15—30° amorphous silica. This indicates that the drug IMC
was loaded on the mesoporous material on the mesoporous material without changing the crystal structure of the drug [40]. However,
higher drug IMC loadings can cause them to disperse or aggregate unevenly in the composites. For the two drug-loaded mesoporous
materials SBA-16@IMC@GA and NH»-SBA-16@IMC@GA, when the composites were cross-linked with gelatin GA, the crystal plane
diffraction peaks of the drug IMC components were significantly reduced, which proves that gelatin was successfully cross-linked and
uniformly and densely wrapped around the SBA-16@IMC and NH5-SBA-16@IMC mesoporous materials. Due to the introduction of
gelatin polymer by the GA coating, the relative content of the IMC in the whole composite was subsequently reduced and its char-
acteristic diffraction peaks were also reduced, and the above results were in agreement with the small-angle XRD.

3.4. N adsorption-desorption analysis
It can be seen from the Ny adsorption-desorption isotherm diagrams in Fig. 4 that the measured isotherms of SBA-16, NH»-SBA-16,

SBA-16@IMC, and NH»-SBA-16@IMC samples belonged to the Type IV, and had a type H2 hysteresis ring. This type of isotherm was a
major feature of nonionic surfactant-directed mesostructured materials. In the adsorption—desorption curves, the carrier SBA-16 was in
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NH,-SBA-16@IMC@GA.

the range of 0.4 < P/Py > 0.7, with a mesoporous sign of stagnation ring present, with the largest retention ring and pore volume
among all tested materials. The hysteresis loop and pore volume of the aminopropyl-modified NH,-SBA-16 material were lower than
those of the carrier SBA-16. For the two composites SBA-16@IMC and NH3-SBA-16@IMC coated with drug IMC, they still had
retention rings marked by mesoporosity in this range. However, their retention rings and pores compared with the carrier SBA-16, the
volume decreased significantly. For the two gelatin-coated drug-loaded composites SBA-16@IMC@GA and NH,-SBA-16 @IMC@GA,
the test results showed that the BET specific surface area and pore size of the two drug-loaded materials were very small. The reason
was that the cross-linking of GA and glutaraldehyde coats SBA-16@IMC and NH»-SBA-16@IMC, which completely blocks the pores of
the mesoporous material. This result demonstrated that gelatin successfully encapsulated SBA-16@IMC@GA and NHj-SBA-
16@IMC@GA materials.

3.5. Pore size distribution

BET specific surface area, pore size, and pore volume data of SBA-16, NHy-SBA-16, SBA-16@IMC, NH»-SBA-16@IMC, SBA-
16@IMC@GA, and NH,-SBA-16@IMC@GA composites were shown in Table 1. It can be seen from the pore size distribution dia-
grams in Fig. 5 that all materials had typical mesopore pore size distribution, and the narrow pore size distribution indicated that the
composite materials prepared in this experiment had uniform pore channel distribution. It can be seen that the pore size distribution of
the three materials NH,-SBA-16, SBA-16@IMC, and NH,-SBA-16@IMC gradually decreased. However, the test results for the drug-
loaded mesoporous materials SBA-16@IMC@GA and NH,-SBA-16@IMC@GA showed that the BET specific surface area, pore size,
and pore volume of these two materials decreased sharply, the reason was caused by the complete blockage of the pores after gelatin
and glutaraldehyde were condensed and cross-linked to coat the drug-loaded mesoporous material.

3.6. Thermal studies

The thermogravimetric curves of SBA-16, NH»-SBA-16, SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH-SBA-
16@IMC@GA materials were shown in Fig. 6. According to the results, the whole weight loss curve of the carrier SBA-16 was very
stable, with a weight loss step at 70-150 °C, and the mass loss was 4.6%, which was caused by the volatilization of the water adsorbed
on the surface of the silica. The residual amount of the NH,-SBA-16 material was 85%. In addition to the adsorbed moisture, the weight
loss step between 400 and 600 °C was the oxidative decomposition of the aminopropyl group functionalized on the surface of SiO,. In
the SBA-16@IMC and NH»-SBA-16@IMC composites coated with drug IMC, relative to the carrier SBA-16 and NH»-SBA-16, the weight
loss step generated between 370 and 500 °C were the coating for the oxidative decomposition of the coated drug IMC, the masses of

Table 1
BET specific surface area, pore size, and pore volume data of composites.
Entry Materials SBET/m2 g’1 Dp/nm Vp/cm3 g’1
1 SBA-16 717 5.6 0.43
2 NH,-SBA-16 494 4.8 0.34
3 SBA-16@IMC 236 4.7 0.17
4 NH,-SBA-16@IMC 216 4.6 0.12
5 SBA-16@IMC@GA 18 - 0.01
6 NH,-SBA-16@IMC@GA 14 - 0.01
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IMC were about 39.2 and 41.4% [41]. The residues of the drug-loaded composites SBA-16@IMC@GA and NH»-SBA-16@IMC@GA
were about 34% and 31%, and the weight loss step occurs between 370 and 500 °C, which were due to the oxidative decomposition of
the coated drug, and the oxidative decomposition of the outer gelatin cross-linked film, the masses of gelatin film were about 22.2 and
29.4%. This result further proved that a dense gelatin cross-linked film was wrapped around the drug-carrying system.

3.7. TEM and SEM analyses

The electron microscope photos of SBA-16, NH,-SBA-16, NH>-SBA-16 @IMC, and NH,-SBA-16 @IMC@GA materials were shown in
Fig. 7. From the TEM image (Fig. 7A), it can be clearly observed that the carrier SBA-16 had a three-dimensional cage-like mesoporous
structure with uniform pore size distribution and large pore volume. It can be seen from Fig. 7B that the SEM image of the carrier SBA-
16 was in the aggregated state of nanoparticles. For NH,-SBA-16, despite the surface functionalization of the support with 3-amino-
propyl trimethoxysilane, its highly ordered mesoporous structure was still observed over a wide area, they have a uniform cubic
symmetric (Im3m) pore structure (Fig. 7C and D). For NH»-SBA-16@IMC, we can see that still exists in a three-dimensional cage-like
structure even if the drug was loaded on the mesoporous material. The introduced drug moieties slightly agglomerated on the SiO5
surface to form fine particles and increased the contact area (Fig. 7E and F). During the release process, the larger the surface contact
area, the easier it was to be released, which can increase the dissolution rate of the drug. Comparing the TEM images of NH»-SBA-
16@IMC@GA and NH,-SBA-16@IMC, there was a shadow outside the structure of the mesoporous material, indicating that gelatin
was wrapped in NH3-SBA-16@IMC (Fig. 7G). The encapsulating gelatin layer of the mesoporous material was thicker, resulting in a
blurred mesoporous structure in TEM images. The SEM of NH,-SBA-16 @IMC@GA drug-loaded composite can clearly find that a dense
gelatin film shadow was formed on the surface of the drug-loaded carrier, and the SEM image was consistent with the analysis result of
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Fig. 7. The electron microscope photos of SBA-16 (A and B), NH,-SBA-16 (C and D), NH,-SBA-16@IMC (E and F), and NH,-SBA-16@IMC@GA (G
and H).

the TEM image (Fig. 7H).

3.8. In vitro release studies

The in vitro drug-released behavior of the composites under different pH conditions was studied by simulating the pH range of the
gastrointestinal tract in vitro. Weighed 0.07 g of SBA-16@IMC, NH»-SBA-16@IMC, SBA-16@IMC@GA, and NH,-SBA-16 @IMC@GA
composites, respectively, and dispersed them into the shaped bottles containing 25 mL of phosphate buffer solution. Then placed in a
constant temperature shaking shaker at 37 & 1 °C for vigorous shaking in the dark. At regular intervals, 3 mL of the solution was taken
out, and the absorbance of the drug in the solution was measured by a UV-Vis spectrophotometer. The drug IMC sustained-release
properties of four drug-loaded materials (SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH,-SBA-16@IMC@GA) was
studied under three different conditions (pH values were 2.0, 6.8, and 7.4, respectively), and the cumulative release percentage was
plotted as a function of time [42-44].

First, the drug release properties of the four drug-loaded composite materials were investigated under the strong acid condition of
pH = 2.0, and the cumulative release rate curves were shown in Fig. 8. As can be seen from the curves, the two drug-loaded precursors,
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Fig. 8. Cumulative release of SBA-16@IMC, NH,-SBA-16@IMC, SBA-16@IMC@GA, and NH,-SBA-16@IMC@GA at pH = 2.0.



B. Yu et al. Heliyon 9 (2023) e13705

SBA-16@IMC and NH,-SBA-16@IMC, without gelatin cross-linking coating, had a rapid release process for IMC in pH = 2.0 medium,
reaching 62% and 78%, respectively, at 6 h. The slow release gradually leveled off after 24 h and reached more than 90% at 48 h. The
final slow release was at about 95% level. This indicates that the drug IMC is directly desorbed from the pores and surfaces of the
composite in an acid solution. For the two drug-loaded materials, SBA-16@IMC@GA and NH»-SBA-16 @IMC@GA, which were coated
with gelatin cross-linking, basically no drug release occurred under these conditions. It was shown that the two drug-loaded materials
SBA-16@IMC@GA and NH»-SBA-16@IMC@GA had no sustained drug release properties under strong acid conditions, because the
gelatin polymer did not swell under strong acid conditions.

According to Fig. 9, in the phosphate buffer solution of pH = 7.4, the SBA-16@IMC and NH3-SBA-16@IMC drug-loaded precursors
that were not encapsulated by gelatin both released significantly at 6 h and the release rate reached more than 60% (reached 63% and
78%, respectively). This result was similar to the release curve at pH = 2.0, indicating that the drug released of SBA-16@IMC and NHj-
SBA-16@IMC drug-loaded precursors was not affected by the environment and did not show a response to pH value. In the treatment of
colon diseases, it was generally required that the drug release starts at 6 h. From the results in Fig. 9, it can be seen that the drug release
of the two drug-loaded precursors SBA-16@IMC and NH,-SBA-16@IMC did not reach 6 h. It had been released in large quantities and
will affect the effect of the drug. For the gelatin-coated SBA-16@IMC@GA and NHy-SBA-16@IMC@GA drug-loaded composites, the
drug IMC release amounts were only 35% and 21% at 6 h, respectively, and sustained drug release in the subsequent period, The total
drug release after 72 h was 85% and 86%. After comparing the curves in the figure, under the condition of pH = 7.4, the two drug-
loaded composites of SBA-16@IMC@GA and NH»-SBA-16@IMC@GA coated with gelatin released the drug, showing that the pH
conditions responsiveness. Moreover, compared with the SBA-16@IMC@GA composites, the aminopropyl-modified NH-SBA-
16@IMC@GA drug-loaded material had a higher drug release rate and a longer duration. The reason was that the aminopropyl group
in the carrier had an acid-base effect with the carboxylic acid IMC drug, which increased the drug loading of the composite material,
and the release of the IMC drug continues under the action of the aminopropyl group.

According to the drug-released results in Figs. 8 and 9, it had been concluded that under the condition of pH = 2.0, the two
materials SBA-16@IMC and NH,-SBA-16@IMC had no acid-base responsiveness. At pH = 7.4, although the two composites SBA-
16@IMC@GA and NH,-SBA-16@IMC@GA exhibited pH responsiveness, the 3-aminopropyl-modified NHy-SBA-16@IMC@GA
compared with SBA-16 @IMC@GA composites, SBA-16@IMC@GA had a higher rate of drug release and longer duration. Therefore, we
chose the NH,-SBA-16@IMC@GA composite to simulate the pH value of the gastrointestinal tract in vitro, and investigated its drug
IMC sustained release properties under three different conditions (pH values were 2.0, 6.8, 7.4, respectively). It can be seen from
Fig. 10 that under the strong acid condition of pH = 2.0, the NH»-SBA-16@IMC@GA composite did not release the drug. Under the
weak acidity of pH = 6.8, the gelatin swelled, and the drug IMC began to be released from the NH,-SBA-16 @IMC@GA composite. The
release amount was 12% at 6 h and then tended to be constant. After 72 h, the total release amount was only 41%. The gelatin swelled
significantly under the weak alkaline pH = 7.4, the release rate of drug IMC in the NH2-SBA-16@IMC@GA composite material was
significantly accelerated, and the release amount reached 21% at 6 h, and the total release amount reached 86% after 72 h. The above
results showed that the NH2-SBA-16 @IMC@GA composites coated with gelatin did not release the drug in a strong acid environment;
they release slowly under weak acid conditions, while under weak alkaline conditions, the drug release rate was significantly
increased. Therefore, within a certain pH range, the gelatin-coated NH,-SBA-16@IMC@GA mesoporous drug-loaded composite had a
pH-responsive effect (Scheme 2).

The release mechanism is an important part of the study of sustained and controlled release formulations, and we usually use the
kinetic equation as the method to study the release mechanism [45, 46, 47]. The kinetic equation is a commonly used drug release
kinetic equation based on Fick’s diffusion rule and some boundary conditions and assumptions. The model equations are zero-order
kinetic equation, Hixson-Crowell dissolution equation, first-order kinetic equation, and Higuchi plane diffusion kinetic equation
(Table 2).

where Q is the cumulative release percentage, t is the sampling time, and k is a constant. The release data of NHy-SBA-
16@IMC@GA drug-loaded mesoporous composites were fitted, and the results are shown in Table 2.

The zero-order kinetic equation, Hixson-Crowell dissolution equation, first-order kinetic equation, and Higuchi plane diffusion
kinetic equation were used to model the release data of the drug-loaded mesoporous material in vitro at pH = 7.4. According to the
results, the release process of the drug-loaded mesoporous material NH,-SBA-16 @IMC@GA conformed to the first-order drug release
equation and the Higuchi plane diffusion mode equation. Therefore, the release process of the drug-loaded mesoporous material NHp-
SBA-16@IMC@GA was in line with the release characteristics of sustained-release preparations, and also in line with the drug release
rules.

4. Conclusion

In this paper, a pH-responsive gelatin-encapsulated amino-modified drug-loaded porous composite was prepared by post-synthesis-
encapsulation technology. Through various characterization techniques, it was proved that in the NH»-SBA-16 @IMC@GA drug-loaded
mesoporous composite, the drug IMC was adsorbed by the mesoporous material and its structure was retained, and the gelatin was
successfully cross-linked and uniformly and densely encapsulated around the NH>-SBA-16@IMC material. Under 37 + 1 °C, the
different media (pH is 2.0, 6.8, and 7.4, respectively), in vitro simulation release properties of drug composites. The results show that
the drug composite material can be released in response to the pH environment, which can effectively control the release speed of the
drug indomethacin. During the in vitro release study, the release amounts of the NH,-SBA-16@IMC@GA composite under three
different pH environments were 5%, 41%, and 86%, respectively, proving that it has certain pH responsiveness. When the pH = 7.4,
the drug release of NH»-SBA-16@IMC@GA was 21.0% at 6 h and could reach 86% at 72 h. Composites had a high drug load and long
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Table 2

Model and Fitting Equation of NH,-SBA-16@IMC@GA drug-loaded material.
Entry Kinetic equation Model Equation Fitting Equation R?
1 Zero-order kinetic equation Q =Kt Q = 0.47131t-55.8 0.7979
2 Hixson-Crowell erosion equation (100 - Q)% = Kt (100-Q)Y/® = 3.55077 + 0.01654t 0.9022
3 First-order kinetic equation In(100 - Q) = -Kt In(100-Q) = 3.81369-0.01634t 0.91715
4 Higuchi plane diffusion kinetic equation Q =Kt'/2 Q = 5.06808t'/2+44.65708 0.91999

sustained release time. It showed that the mesoporous material can effectively carry the medicine, stable and slow release, in the
smooth and continuous drug release in the simulated environment. According to the results, the release process of the drug-loaded
mesoporous material NHz-SBA-16@IMC@GA conformed to the first-order drug release equation and the Higuchi plane diffusion
mode equation. Therefore, the release process of the drug-loaded mesoporous material NHy-SBA-16@IMC@GA was in line with the
release characteristics of sustained-release preparations, and also in line with the drug release rules.
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