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Abstract
Purpose  Hollow types of mesoporous silica have been extensively used as drug delivery carriers owing to their excessive 
drug loading competence in the interior void cavity as well as enhancement of solubility. The main aim of this study was to 
improve the solubility and dissolution rate of ARPZ, a class II drug, upon incorporation into mesoporous silica (SBA-15).
Methods  ARPZ was loaded in mesoporous silica using specific SBA-15 to solubilize by the wet impregnation method. The 
optimization was done via solubility and drug loading parameters. Characterization of the optimized formulation ARPZ-
loaded SBA-15 (60%) (1.5:1 w/w) for possible molecular interaction between the ARPZ and silica was carried out by using 
FTIR, crystalline characteristics via PXRD, thermal analysis through DSC, and TGA, and pore size and surface area were 
determined by Brunauer–Emmett–Teller (nitrogen adsorption isotherm). Furthermore, an in vitro release study was examined 
by paddle-type dissolution apparatus (USP type II) in pH 1.2 buffer.
Results  The optimized ARPZ-loaded SBA-15 (60%) showed a drug loading of 37–38% w/w. Incorporating the drug inside 
SBA-15 pores reduced the values of three parameters of empty SBA-15, (a) pore size from 5.21 to 4.19 nm, (b) pore volume 
from 0.652 to 0.178 cm3/g, and (c) specific surface area from 622.4 to 136.7 mg2/g. Crystalline ARPZ was converted to 
amorphous upon incorporation into pores of mesoporous silica. Optimized ARPZ-loaded SBA-15 (60%) exhibited more than 
3 to fourfold enhancement in equilibrium solubility and dissolution after 15 min, respectively, compared to the pure ARPZ. 
The results showed an improvement in the solubility of ARPZ upon incorporation into pores of mesoporous silica SBA-15.
Conclusion  SBA-15 was found more suitable for the solubility enhancement of the poorly water-soluble drug ARPZ.
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Introduction

Schizophrenia is a perennial psychiatric disorder [1] that 
affects 20 million people worldwide. This mental illness 
is often characterized by positive (ex: delusions, halluci-
nations, distorted thoughts) and negative symptoms (ex: 
speech destitution, confined emotional behavior, and loss 
of self-motivation). Various medications are available in the 
market for treating schizophrenia, but at present, aripiprazole 
(ARPZ) has gained much attention due to its potential effi-
cacy for the treatment of both positive and negative symp-
toms of schizophrenia, in addition to significantly diminish-
ing the occurrence of adverse responses. The mechanism of 
action of ARPZ is uncommon from those of the currently 
marketed typical and atypical antipsychotic drugs.

ARPZ is a second-generation neuroleptic agent which 
selectively binds to central dopamine D2 and serotonin 
(5-HT2c) receptors, appears more effective on the associated 
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negative symptoms of schizophrenia, and has a lower pro-
pensity to cause extrapyramidal symptoms [2]. Further-
more, it targets the dopamine autoreceptor but has a lower 
affinity for D4 receptors. ARPZ is frequently used to treat 
schizophrenia-like mental health disorders, panic, obsessive-
compulsive behavior, sleep disorder, depression, Tourette’s 
syndrome, and manic-depressive illness [3]. However, 
ARPZ has poor aqueous solubility (2.8 ± 0.93 μg/mL) [4], 
which ultimately hampers the bioavailability of the drug, and 
extensively undergoes hepatic metabolism and P-glycopro-
tein efflux, and its acid salts as well as crystalline nature of 
ARPZ are the major factor for its poor solubility [5].

Poor aqueous solubility of the drug is a significant lead-
ing encounter in formulation development. Moreover, an 
essential characteristic of an effective and appropriate drug 
delivery system is that the drug should have an appropriate 
solubility at the absorption site. Most active pharmaceutical 
ingredients suffer from poor water solubility, unsatisfactory 
dissolution rate, low bioavailability, and less therapeutic 
effects [6]. This inadequate physicochemical property of 
APIs leads to insignificant absorption and poor bioavail-
ability. In addition, the need for a high-strength dose to 
be administered leads to increased side effects. Therefore, 
converting the crystalline drug to its amorphous form is an 
attractive approach to enhance its aqueous solubility [2]. 
These restrictions of poor aqueous solubility and low bio-
availability can be surmounted by incorporating the drug 
into mesoporous silica [7].

Numerous methods are reported for enhancing the solu-
bility of poorly aqueous soluble drugs, such as particle size 
reduction, formulating solid dispersion, co-crystal, inclusion 
complex, use of surfactant, via nanoparticles, cosolvency, 
hydrotropy, salt formation, and physical and chemical modi-
fications [8, 9]. Among this solubility enrichment technique, 
mesoporous silica has been widely employed to enhance the 
solubility of drugs. It has expanded concern in the pharma-
ceutical sector, indicating a rapid expansion of their potential 
uses in drug delivery, especially in oral dosage forms [10]. 
A new avenue for enhancing the solubility of poorly solu-
ble drugs has been made possible by introducing inorganic 
porous materials as dominant drug carriers [11].

Incorporating the API into pores of mesoporous silica is 
one of the supreme promising strategies to enrich the solubility 
of poorly water-soluble API. According to the IUPAC defini-
tion, “mesoporous” refers to porous materials with 2-50 nm  
in diameter pores [12]. Mesoporous silica particles (MSPs) 
have gained much popularity for drug delivery in recent years 
due to their extensive several specific properties, including 
high surface area, high pore volume, solid skeleton, flexible  
inside and outside surface modification, excellent drug load-
ing capacity, tunable particle size, high thermal, chemical and 
physical stability, non-toxic, biodegradability, and biocompat-
ibility [13]. Moreover, reliant on the particle and pore size in 

addition to the chemistry of mesoporous silica’s large exter-
nal and internal surface, it can be utilized to achieve a tun-
able sustained or targeted release of the incorporated drugs 
to augment its stability via shielding from premature release 
and degradation [14]. Incorporating a crystalline drug into 
pores of mesoporous silica converts the drug into an amor-
phous form and enhances the solubility as well as dissolution 
rate of the drug. Several types of mesoporous silica have been 
reported for solubility enhancement of crystalline drugs such 
as celecoxib [15], paclitaxel [16], carbamazepine [17], fenofi-
brate [18], ezetimibe [19], carvedilol [20], telmisartan [21], 
valsartan [22], ketoprofen [23], and cyclosporine [24]. The 
mesoporous silica serves as a drug delivery system, allowing 
alteration of the pharmacological release site, improving the 
release rate, and enhancing bioavailability by fashioning highly 
soluble active substances [25].

ARPZ is used for treating schizophrenia, which belongs 
to BCS class II, having low solubility [26] and high perme-
ability. Hence, there is an urgent need to develop a formula-
tion to enhance the solubility of ARPZ. Earlier approaches 
to improving the solubility of ARPZ including nanocrystals 
[27], solid dispersion [28], cyclodextrin complexation [29], 
self-nano-emulsifying drug delivery system [30], and silicosan 
particles [31] were reported. However, to our knowledge, no 
study was carried out to enhance the solubility of ARPZ by 
incorporating it into mesoporous silica.

The present study aimed to investigate the solubility 
enhancement of ARPZ via mesoporous silica particles of 
SBA-15 (Santa Barbara Amorphous-15). MSPs enable higher 
drug loading and a simple processing technique compared to 
earlier efforts for the solubility enhancement of ARPZ. ARPZ 
was loaded in SBA-15 by the wetness impregnation method. 
The drug was loaded at different ARPZ to SBA-15 ratios, such 
as 1:1, 1.5:1, and 2.34:1. Moreover, based on the drug content 
and equilibrium solubility of drug-loaded MSPs, further opti-
mization was carried out. ARPZ to SBA-15 at a feed ratio of 
1.5:1 exhibited higher solubility and maximum drug content. 
Hence, this ratio was further characterized for morphology 
(SEM), thermal analysis (DSC and TGA), powder XRD, and 
FTIR spectroscopy. The pore characterization of the sample 
was determined by the nitrogen adsorption method, and the 
in vitro drug release studies were performed in pH 1.2 HCl 
buffer. So, SBA-15 was more suitable for solubility enhance-
ment of poorly soluble drugs such as ARPZ.

Materials and Methods

Materials

Aripiprazole was purchased from KV biotech (Lucknow, 
India), and SBA-15 (8 nm), dichloromethane (DCM), meth-
anol, ethanol (99%), sodium hydroxide, and hydrochloric 
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acid were obtained from Merck Specialties (Mumbai, India). 
Potassium chloride was purchased from Hi-Media Laborato-
ries (Mumbai, India). MiliQ double distilled water was used 
for the experiments. All other solvents and chemicals were 
of analytical reagent grade.

Formulation of ARPZ‑Loaded MSPs

Earlier reported wet impregnation method [32] was used to 
load ARPZ in mesoporous silica particles. SBA-15 was used 
as an ordered MSP. Briefly, the ARPZ was dissolved in 15 
mL dichloromethane, followed by the addition of MSPs in 
1:1 (50 % w/w), 1.5:1 (60 % w/w), and 2.34:1 (70 % w/w) 
ratio of ARPZ to MSPs. These mixtures were stirred for 24 
h using a magnetic stirrer. The mixtures were centrifuged 
at 4000 rpm for 10 min to obtain ARPZ-loaded SBA-15 
sediment. The sediments were dried overnight at ambient 
temperature to remove traces of the solvents.

Drug Loading Quantification

ARPZ content of ARPZ-loaded MSPs was determined by 
suspending 5 mg of the sample in 5 mL of ethanol. The 
suspensions were vortexed for 30 min, followed by centrifu-
gation at 4000 rpm for 10 min for separated mesoporous 
silica residue. The concentration of ARPZ was determined 
by analyzing the supernatant by UV–spectrophotometer at 
255 nm in triplicate after suitable dilutions with ethanol. 
The percentage drug loading was calculated by using the 
following formula,

Equilibrium Solubility

The equilibrium solubility of ARPZ and ARPZ-loaded  
SBA-15 were performed in pH 1.2 HCl buffer solutions. 
Excess amounts of samples were added in 5 mL of the buffer 
solution in a 25-mL conical flask in triplicate. The solu-
tions were kept for shaking on a mechanical shaker for 24 
h. Afterward, solutions were centrifuged at 4000 rpm for 
10 min. The drug content in the supernatant solution was 
determined by a UV-visible spectrophotometer at 249 nm 
after appropriate dilutions with pH 1.2 HCl buffer solutions.

Morphology

The surface morphology of pure ARPZ, SBA-15, and the 
optimized ARPZ-loaded SBA-15 (60%) was studied by 
scanning electron microscope (SEM, JSM 6490, JEOL, 

% Drug loading =
Amount of drug in formulation

Amount of formulation taken
× 100

Japan). The samples were positioned on the stubs with dou-
ble-sided adhesive tape and were gold-plated beforehand to 
capture the pictures. The electron microscope was operated 
at an acceleration voltage of 15 kV. The working distance 
was maintained at 12-14 mm. The samples were viewed at a 
magnification of ×500, ×2500, ×10,000, and ×15,000 with 
a secondary electron detector and a backscattered electron 
detector.

Powder X‑ray Diffraction (PXRD) Analysis

Powder XRD was performed to identify the presence of 
crystalline and amorphous nature of samples. Powder X-ray 
diffractograms of ARPZ, SBA-15, ARPZ-loaded SBA-15 
(60%), and a physical mixture of ARPZ and SBA-15 were 
collected using a powder X-ray diffractometer (X’PERT 
Powder, PANalytical; Netherland) equipped with a Cu Kα 
target. The X-rays were generated at 30 mA and 40 kV. 
Data were obtained in the range from 3 to 50° (diffraction 
angle 2θ) at a step size of 0.013° and a dwell time of 23.97 
s per step.

Differential Scanning Calorimetry (DSC)

The thermal analysis of the sample was carried out by dif-
ferential scanning calorimetry (DSC 25, TA, USA). The 
instrument was calibrated using indium and an empty alu-
minum pan as a reference. About 5-10 mg of pure ARPZ, 
SBA-15, ARPZ-loaded SBA-15 (60%), and a physical mix-
ture of ARPZ and SBA-15 were accurately weighed into 
an aluminum tzero pan, and it was sealed with the help of 
a tzero lid and crimped shut. The sample was heated from 
25 to 250 °C at a heating rate of 10 °C/min under a nitrogen 
purge of 50 mL/min.

Thermogravimetric Analysis (TGA)

The thermal behavior of ARPZ, SBA-15, physical mixture 
of ARPZ and SBA-15, and ARPZ-loaded SBA-15 (60%) 
was analyzed through thermogravimetric analysis. It was 
performed using a TGA/DSC-1 instrument (Mettler Toledo, 
USA) at 10 °C/min heating rate under a nitrogen purge of 
40 mL/min.

Fourier Transform Infrared Spectroscopy Analysis (FTIR)

Functional group analysis of ARPZ, SBA-15, physical mix-
ture of ARPZ and SBA-15, and optimized ARPZ-loaded 
SBA-15 (60%) were performed using an FTIR spectrometer 
(Bruker Alpha, USA). The FTIR spectra were obtained in 
absorbance mode over the spectral region of 400–4000 cm−1.
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Nitrogen Adsorption Studies

The pore characteristics of the SBA-15 and the optimized 
ARPZ-loaded SBA-15 (60%) were evaluated by the nitrogen 
adsorption-desorption isotherm using a surface area and pore 
size analysis (Autosorb-1, Quantachrome, Japan) at −196 
°C. The instrument was calibrated by injecting a known 
quantity of nitrogen. Before analysis, the weighed samples 
were degassed to remove moisture and contamination. SBA-
15 and the optimized ARPZ-loaded SBA-15 (60%) were 
subjected to 150 °C for 24 h. The pore size and the surface 
area were determined using the Brunauer–Emmett–Teller 
(BET) equation and the Barrett–Joyner–Halenda (BJH) pro-
cedure from the adsorption branches of the isotherms.

In vitro Drug Release Study

In vitro, drug release studies of pure ARPZ and ARPZ-
loaded SBA-15 were carried out in triplicate using the USP 
type II paddle dissolution test apparatus (DS 8000, Labindia, 
Mumbai) in pH 1.2 HCl buffer. The ARPZ and the ARPZ-
loaded SBA-15 equivalent to 5 mg ARPZ were added to 
250 mL of pH 1.2 HCl buffer solution at 37 ± 0.5°C at 75  
rpm. An aliquot of a 5-mL sample was withdrawn from the 
dissolution vessel at 2.5, 5, 10, 15, 30, 45, and 60 min and 
filtered through a 0.22-μm filter paper. The withdrawn 5 
mL medium was replaced immediately with a fresh 5-mL 
dissolution medium to keep the total volume constant. The 
amount of drug in the filtrate was determined by a UV- 
visible spectrophotometer at 249 nm.

Results and Discussions

Drug Loading

The amount of ARPZ in MSPs (1:1, 1.5:1, and 2.34:1) was 
determined via a UV-visible spectrophotometer as well as 
TGA, and the results are given in Table 1. One of the main 
primary intentions of this study was to achieve a high-load-
ing ability of ARPZ molecules. The maximum drug loading, 

37.1 % w/w, was found in a 1.5:1 ratio of ARPZ to SBA-
15. The actual drug loading in the ARPZ-loaded SBA-15 
increased with a drug concentration, but there was a plateau 
above 1:1 and 2.34:1 ratio of ARPZ to SBA-15, which might 
be due to the saturation of all the pores of MSPs by the drug.

Equilibrium Solubility

The result of equilibrium solubility studies of the ARPZ 
and ARPZ-loaded SBA-15 mesoporous silica in ratios of 
1:1 (50% w/w ARPZ), 1.5:1 (60% w/w ARPZ), and 2.34:1 
(70% w/w ARPZ) is given in Fig. 1. There was a marked 
enhancement in the equilibrium solubility of ARPZ-loaded 
SBA-15 compared to that of the pure ARPZ drug. A similar 
solubility enhancement in drug-loaded mesoporous silica 
particles was reported for carbamazepine upon incorporation 
into MSPs [17]. The solubility enhancement was attributed 
to converting crystalline drugs to amorphous forms.

SEM Analysis

The SEM images of the pure ARPZ, SBA-15, and ARPZ-
loaded SBA-15 (60%) are shown in Fig. 2 [(A and B) SBA-
15, (C and D) ARPZ-loaded SBA-15 (60%), and (E) pure 
ARPZ]. SEM images (A and B) of SBA-15 revealed that 
SBA-15 was rod-like, aggregated into the wheat-like long 
fibrous macrostructure packed. This category of syllable 
structure has been recognized to have similar long-range 
channels alongside the hexagonal mesostructures, a typical 
morphology of this SBA-15 mesoporous silica [17]. The 
explained morphology was reported by Xu et al. [33]. The 
SEM image of pure ARPZ (E) disclosed that APRZ exists as 
aggregated crystalline. Moreover, SEM photomicrographs of 
ARPZ-loaded SBA-15 (60%) (C and D) revealed the change 
in the arrangement of the wheat-like macrostructure into 
irregularly spaced rod-like units upon drug loading into 
mesoporous silica. Similar outcomes were also observed 
in the case of ibuprofen-loaded SBA-15 (50:50, w/w) [34].

PXRD Analysis

The PXRD diffractograms of ARPZ, SBA-15, physical 
mixture of ARPZ and SBA-15, and ARPZ-loaded SBA-15 
(60%) are given in Fig. 3.

ARPZ X-ray diffractogram (Figure 3A) exhibited two 
sharp peaks at 20.4° and 22.1° beyond numerous secondary 
peaks indicating its crystalline nature. It was also consistent 
with the results of the previous literature [35]. Due to the 
crystalline nature of ARPZ, the physical mixture of ARPZ 
and SBA-15 (D) also showed crystal diffraction peaks in the 
diffraction pattern. In the SBA-15 (C) diffractogram, some 
sharp peak at nearly 19° and 25° was observed, but ARPZ-
loaded SBA-15 (60%) (B) did not exhibit any sharp peak 

Table 1   Theoretical and practical drug loading into mesoporous silica 
particles

TDL theoretical drug loading, PDL practical drug loading

Mesoporous silica Drug: SBA-15 
ratio (wt%)

TDL (%) PDL (%)

SBA-15 50/50 50 29.7 ± 5.6
60/40 60 37.1 ± 1.4
70/30 70 34.7 ± 1.5
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in the diffractograms, representing their amorphous nature. 
Therefore, PXRD analysis revealed the conversion of the 
crystalline nature of ARPZ into amorphous after incorpora-
tion into SBA-15 pores. Similar results of amorphization 
of a crystalline drug upon incorporation into mesoporous 
silica particles for telmisartan and celecoxib were reported 
earlier [15, 36]. However, in all these cases, intensities of 
peaks were absent in the PXRD pattern of drug-loaded 
mesoporous carriers, which might be due to the reduced 
crystallinity of the drug after the adsorption of the drug on 
the mesoporous carriers.

Differential Scanning Calorimetry (DSC)

The DSC thermograms of pure ARPZ, SBA-15, physical 
mixture of ARPZ and SBA-15, and ARPZ-loaded SBA-15 
(60%) are given in Fig. 4.

The thermogram of pure ARPZ, SBA-15, physical mix-
ture of ARPZ and SBA-15, and ARPZ-loaded SBA-15 
(60%) helps to determine the crystallinity and amorphous 
form. As shown in Fig. 4B, the sharp endothermic melt-
ing peak of ARPZ was observed at 140.59 °C, which is the 
melting point of the ARPZ drug, and the exothermic peak 
was observed at 95 °C which attributed to the crystallization 
temperature and indicating an exothermic reaction caused 
by crystallization. However, crystallization is an exother-
mic process, so heat is released to the surroundings. A very 
low-intensity endothermic peak was also observed at nearly 
140.59 °C in ARPZ-loaded SBA-15 (`%) in Fig. 4C because 
ARPZ was incorporated in pores of mesoporous silica in a 
noncrystalline state. However, in the case of ARPZ-loaded 
SBA-15 (60%), a very weak crystalline peak (low-intensity 
endothermic peak) could still originate, demonstrating the 
presence of some traces of crystalline ARPZ drugs or a tiny 
amount of free ARPZ crystalline drug.

Similar results were also reported in the case of carvedilol 
crystalline and carvedilol-loaded hollow mesoporous silica 

nanoparticles [37]. In this case, the DSC thermogram shows 
quite a little crystallinity, but PXRD data show an utterly 
amorphous nature; there may be numerous possibilities, 
such as decomposition of ARPZ, solid–solid transformation, 
and a slight presence of small fraction crystals and phase 
separation of ARPZ and SBA-15. One other prospect may 
occur, a minimal number of little crystallites scattered within 
the amorphous matrix, and the sensitivity of PXRD can-
not be high enough to confirm crystallinity even though the 
DSC thermogram showed quite a little crystallization peak. 
The presence of the melting point of ARPZ in the physical 
mixture of ARPZ and SBA-15 (60%) was also confirmed 
(Fig. 4D). The DSC curve of SBA-15 (Fig. 4A) presents 
an endothermic transition that occurs near 100 °C that was 
assigned due to dehydration or unbound water molecules.

Thermogravimetric Analysis (TGA)

The TGA graph of ARPZ, SBA-15, physical mixture of 
ARPZ and SBA-15, and ARPZ-loaded SBA-15 (60%) are 
illustrated in Fig. 5.

The total amount of loaded ARPZ drug inside the 
mesoporous silica can be quantified using TGA. In the 
TGA measurement, the drug desorbs after decomposi-
tion, which is detected as a temperature-dependent weight 
reduction [38]. Quantifying the mesopore-loaded drug 
fraction in mesoporous materials is more complex than just  
quantifying the total drug content of the sample [39]. As 
shown in Fig. 5, the ARPZ loading fraction in SBA-15  
was estimated from the weight loss ratio between 100 and 
500 °C to the total initial weight. Furthermore, 5.5 % and 
1.4 % weight loss were observed in SBA-15 and ARPZ-
loaded SBA-15 (60%), respectively. The weight loss below 
100 °C in all the samples was not considered, which might 
be due to the evaporation of the moisture entrapped inside 
the pores after reaching 100 °C [40]. A sudden weight 
reduction of the ARPZ (drug) was observed at around 

Fig. 1   Equilibrium solubility 
of the ARPZ and ARPZ-loaded 
SBA-15 at various ratios
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260°C, and almost more quantity of the drug was degraded 
at about 400 °C while the SBA-15 amount was constant 
up to 500 °C. The loss in the weight of ARPZ-loaded 
SBA-15 (60%) indicated the amount of ARPZ loaded in 
the SBA-15. The weight loss due to the drug present in 

ARPZ-loaded SBA-15 (60%) was found to be 38.8 % w\w. 
This result agreed with the drug loading value of 37.1 % 
w/w, determined using UV spectroscopic analysis [41]. A 
similar weight loss trend in TGA for ketoprofen-loaded 
MSN was reported earlier [42].

Fig. 2   SEM photomicrographs of A and B SBA-15, C and D ARPZ-loaded SBA-15 (60%), and E pure ARPZ; the wheat-like macrostructure of 
rod-like SBA-15 has been disrupted upon the incorporation of ARPZ
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FTIR Analysis

The FTIR spectra of ARPZ, SBA-15, physical mixture of 
ARPZ and SBA-15, and ARPZ-loaded SBA-15 (60%) are 
given in Fig. 5.

FTIR studies were performed to determine the molecular 
interactions between the ARPZ and SBA-15. The lack of a 

crystal structure may lead to changes in bonding between 
chemical groups. Two intense absorption peaks at 1061.14 
and 809.20 cm−1 were attributed to the stretching vibrations 
of the -Si-O-Si- framework in SBA-15, shown in Fig. 6B 
[18, 43, 44]. FTIR spectrum of plain ARPZ (Fig. 6A) exhib-
its characteristic stretching frequencies at 3182, 2939, 1519, 
1669, and 1272 cm−1 for N-H, aliphatic C-H, aromatic C=C, 

Fig. 3   PXRD patterns of A 
ARPZ, B ARPZ-loaded SBA-
15 (60%), C SBA-15, and D 
physical mixture of ARPZ and 
SBA-15
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Fig. 4   DSC thermogram of A 
SBA-15, B ARPZ, C ARPZ-
loaded SBA-15 (60%), and D 
physical mixture of ARPZ and 
SBA-15; a very weak intensity 
peak in the ARPZ-loaded SBA-
15 (60%) was observed due 
to presence of some traces of 
crystalline ARPZ drugs, crystal-
line ARPZ amorphization upon 
loading into SBA-15
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and aromatic C-O, respectively [29]. In ARPZ-loaded SBA-
15 (60%) (Fig. 6D), only two peaks, i.e., at 1061.14 and 
809.20 cm−1, were observed due to asymmetric and symmet-
ric stretching vibrations of the -Si-O-Si- (Siloxane) and Si–O 
bending vibrations to the outer surface framework of SBA-
15 [43, 44]. Still, in the physical mixture of ARPZ and SBA- 
15 (Fig. 6C), both ARPZ and SBA-15 characteristic peaks 

were observed. The absence of ARPZ distinct peaks in 
ARPZ-loaded SBA-15 (60%) indicated the entrapment of 
the drug within the mesoporous silica pores. A similar result 
was reported in FTIR studies of fenofibrate and fenofibrate-
loaded hexagonal mesoporous silica, wherein the character-
istic peaks of fenofibrate were absent of fenofibrate-loaded 
hexagonal mesoporous silica [45].

Fig. 5   TGA of A ARPZ (con-
tinuous black line), B SBA-15 
(red small dotted line), and C 
ARPZ-loaded SBA-15 (60%) 
(blue dashed line); the weight 
loss at 260 °C corresponds to 
drug degradation, which has 
been taken as clue for deter-
mination of drug loading since 
SBA-15 does not show degrada-
tion up to 500 °C

Fig. 6   FTIR spectra of A 
ARPZ, B SBA-15, C physical 
mixture of ARPZ and SBA-15, 
D ARPZ-loaded SBA-15 (60%); 
the absence of characteristic 
absorption peaks of ARPZ 
in the ARPZ-loaded SBA-15 
sample indicates incorporation 
of the ARPZ drug inside the 
pores of MSPs
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Nitrogen Adsorption Isotherm

Nitrogen adsorption isotherms of SBA-15 and ARPZ-loaded 
SBA-15 (60%) are given in Fig. 7.

The nitrogen adsorption/desorption isotherms of ARPZ 
and ARPZ-loaded SBA-15 (60%) (Fig. 7A, B) exhibited a 
typical type IV isotherm according to IUPAC classification 
[46], a characteristic isotherm of mesoporous materials as 
shown by an inflection of capillary condensation at P/P0 
value of about 0.6. The values for the BET-specific surface 
area (SBET), the total pore volume (Vt), and the BJH pore 

Fig. 7   Nitrogen adsorption/des-
orption isotherm of A SBA-15 
and B ARPZ-loaded SBA-15 
(60%); this is a typical isotherm 
IV type for mesoporous materi-
als, and there is a decrease in 
pore volume upon drug ARPZ 
loading into SBA-15 which 
indicates incorporation of the 
drug inside the pores

Table 2   Characterization of SBA-15 before and after drug loading

Sample 
name

SBET (m2/g) Pore volume 
Vt (cm3/g)

WBJH (nm) Drug 
loading (%) 
TGA​

Drug 
loading 
(%) UV

SBA-15 622.4 0.652 5.21 - -
ARPZ-

loaded 
SBA-15 
(60%)

136.7 0.178 4.19 38.8 37.1
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diameter (WBJH) are given in Table 2. Higher SBET and Vt 
values of SBA-15 indicated its potential application as a 
host in bonding or storing more drug molecules [47]. Fur-
thermore, these results revealed that SBET, Vt, and WBJH were 
reduced in the case of ARPZ-loaded SBA-15 (60%). In the 
ARPZ-loaded SBA-15 (60%) sample, a drastic reduction in 
SBET, Vt, and WBJH were observed, as shown in Table 2. This 
reduction can be attributed to the loading of ARPZ inside 
the pores of SBA-15. Similar results of decrease in SBET, Vt, 
and WBJH were reported earlier for felodipine, insulin, and 
ibuprofen-loaded mesoporous silica particles as compared 
to unloaded mesoporous silica particles [48–50].

In vitro Drug Release

The drug release profiles of pure ARPZ and ARPZ-loaded 
SBA-15 are given in Fig. 8.

In vitro, drug release studies were executed to prove the 
chief function of mesoporous silica to enhance the solubility 
parameter of ARPZ. The dissolution rate improvement of 
ARPZ-loaded SBA-15 might be due to primarily recognized 
to the pore channels of the SBA-15 altering the crystalline 
structure of ARPZ to an amorphous state, which is known 
to improve the solubility of ARPZ. However, solid-state 
characterization further confirmed the amorphization of 
the ARPZ-loaded SBA-15. Although aripiprazole is poorly 
water-soluble, it has pH-dependent solubility and slightly 
higher solubility under strongly acidic media than basic 
and neutral media. The release of the ARPZ from SBA-15 
involves three steps, i.e., (a) entry of dissolution medium 
into mesoporous silica pores due to osmotic pressure, (b) 
dissolution of the drug, and (c) diffusional transport of dis-
solved drug into the dissolution medium [51].

The enhancement of the drug release from ARPZ-
loaded SBA-15 is due to the following: (a) conversion of 
crystalline ARPZ to an amorphous state [21, 36, 13] and 
(b) higher BET-specific surface area of the ARPZ-loaded 
SBA-15 mesoporous silica particles [17]. The dissolution 
rate of ARPZ from MSPs was faster than that from pure 
ARPZ. However, 50 % w/w ARPZ-loaded SBA-15 exhibited 
a burst release of about 76 % within 5 min, and 60 % and 
70 % ARPZ-loaded SBA-15 showed 69 % and 59 % burst 
release, respectively, followed by prolonged release up to 1 
h. A similar burst release pattern followed by an extended-
release was reported by Dodrio et al. and Jesus et al. for 
gentamicin sulfate and efavirenz after loading into SBA-15 
[52, 53]. There was a reduction in drug release from ARPZ-
loaded MSPs with drug loading due to high competition of 
release from pores of mesoporous silica [54].

Conclusion

The solubility and dissolution rate of the poorly aqueous 
soluble drug ARPZ was enhanced by incorporating it into 
mesoporous silica using a wet impregnation method. UV 
spectroscopic and thermogravimetric analyses revealed 
37-38% w/w drug loading into the mesoporous silica par-
ticles. Furthermore, FTIR analysis revealed the absence 
of characteristic peaks of the ARPZ, indicating the ARPZ 
(drug) incorporated inside the pores of mesoporous silica 
particles. However, PXRD studies showed the conver-
sion of the ARPZ from a crystalline state to an amorphous 
state. The incorporation of the ARPZ inside the pores of 
mesoporous particles has been revealed by a reduction in 
pore surface area, pore volume, and pore diameter of the 

Fig. 8   Cumulative drug release 
of pure ARPZ and ARPZ-
loaded SBA-15 MSPs; the drug 
release from ARPZ-loaded 
SBA-15 has been increased 
drastically compared to that 
from the ARPZ per se due to 
amorphization of the drug
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empty mesoporous particles. The morphological studies 
using SEM exhibited disruption of the wheat-like macro-
structure of rod-like mesoporous silica upon ARPZ loading. 
Based on the combination of all numerous characterization 
studies, we have verified that ARPZ can be encumbered into 
the internal pores of mesoporous silica. Moreover, equilib-
rium solubility and in vitro drug release studies revealed 
that the drug solubility and dissolution rate were enhanced 
more than 3-fold to 4-fold upon loading into mesoporous 
silica. These enhancements have been attributed to drug 
amorphization upon loading into mesoporous silica. Hence, 
the loading of ARPZ into SBA-15 (8 nm) mesoporous silica 
was found as a suitable approach for solubility enhancement.

Here, this study will support the strategy to design oral drug 
delivery systems for solubility improvement and dissolution 
rate enhancement of poorly water-soluble APIs, as well as lead 
to more potential applications in drug delivery systems.
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