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Purpose: Improving drug solubility is crucial in formulating poorly water-soluble drugs, especially for oral administration. The 
incorporation of drugs into mesoporous silica nanoparticles (MSN) is widely used in the pharmaceutical industry to improve physical 
stability and solubility. Therefore, this study aimed to elucidate the mechanism of poorly water-soluble drugs within MSN, as well as 
evaluate the impact on the dissolution and physical stability.
Methods: Alpha mangostin (AM) was adopted as a model of a poorly water-soluble drug, while MSN with the pore size of 45 Å 
(MSN45) and 120 Å (MSN120) were used as Mesoporous materials. AM-loaded MSN (AM/MSN45 and AM/MSN120) was prepared 
by solvent evaporation method.
Results: The amorphization of AM/MSN45 and AM/MSN120 was confirmed by the halo pattern observed in the powder X-ray 
diffraction pattern and the absence of the melting peak and the glass transition of AM in the DSC curves. This signified the successful 
incorporation of AM into MSN. FT-IR measurements suggested the formation of hydrogen bond interaction between the carbonyl 
group of AM and the silica surface of MSN. In the dissolution test, the presence of the AM within MSN improved the dissolution rate 
and generated the supersaturation of AM. However, the difference of pores size of MSN could affect the dissolution profile of AM 
within MSN. Additionally, it retained the X-ray halo patterns after 30 d of storage at 25 oC and 0% RH.
Conclusion: In conclusion, AM-loaded mesoporous silica significantly improved the dissolution and physical stability.
Keywords: mesoporous silica, alpha mangostin, amorphization, dissolution, physical stability

Introduction
The Alpha-mangostin (AM) is a major xanthone in fruit pericarps, bark and dried sap of the mangosteen tree (Garcinia 
mangostana Linn). AM has various pharmacological activities, including antioxidant, anticancer and anti-inflammatory 
activities.1–5 More importantly, AM exhibits strong antimicrobial activity against various pathogens, such as methicillin- 
resistant Staphylococcus aureus,5,6 vancomycin-resistant Enterococci5,7 and acne-inducing Propionibacterium acnes 
(P. acnes),5,8,9 which is recently renamed as Cutibacterium acnes (C. acnes).5,10,11 Consequently, AM has recently 
been used either as a substitution or as an adjuvant for antibiotics in the treatment of some infectious diseases, especially 
Acnes vulgaris, to decrease problems arising from antibiotic overuse.5,12,13 However, it has a low water solubility leading 
to poor bioavailability, as drug molecules need to dissolve in the gastrointestinal fluid for absorption in the intestines.14–16 

The poor bioavailability poses a significant challenge in developing oral dosage forms for AM.17 Therefore, strategies to 
improve drug solubility are particularly necessary for oral administration.18,19

Amorphization is a promising strategy to improve the solubility, dissolution rate, and bioavailability of poorly water- 
soluble drugs. Amorphous drugs pose higher Gibbs free energy compared to their crystalline counterparts, which 
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enhances aqueous solubility and achieves high concentrations in water.20 This can lead to the improvement of oral 
bioavailability.21 However, developing solid formulations for amorphous drugs with-out excipients or carriers is 
practically difficult due to thermodynamic instability and the tendency to recrystallize during storage or after dispersion 
in water.22 Therefore, the addition of an excipient or carrier is needed for stabilization.

Drug-loaded-mesoporous silica nanoparticles (MSN) are a promising strategy to inhibit recrystallization.23 

Amorphous drugs can be stabilized by encapsulation into the nanoparticles, which leads to an improvement in the 
in vitro dissolution rate and apparent solubility.20,24,25 Drug crystallization within MSN can be prevented using 2 
mechanisms. The first is molecular interaction between the surface of MSN and the functional groups of the drug 
molecules, leading to monomolecular adsorption. The second mechanism is the nanoconfinement effect, in which the 
pores size of the nanoparticles is smaller compared to critical crystalline nuclei, leading to the suppression of crystal 
growth.26,27 This signified that surface area and pore volume could affect the inhibition of the drug crystallization.28,29

The formulation of the drug-loaded MSN carriers has been extensively investigated.30 However, the characterization 
of AM-loaded-MSN has not been studied. The mechanism of each drug within the nanoparticles would be different due 
to unique physicochemical properties.28 Consequently, the impact on dissolution rate, physical stability, and bioavail-
ability can differ for each drug.31–34 This study was conducted to investigate the characterization of AM loaded-MSN and 
its relationship with dissolution profile and physical stability. Understanding the mechanism of AM within MSN as well 
as its impact on pharmaceutical properties is necessary for optimizing the formulations, specifically for oral 
administration.

Materials and Methods
Materials
The AM (MW = 410.5 g/mol) was purchased from Chengdu BioPurify Phytochemicals Ltd., China (Cat. No.: BP0773). 
Furthermore, MSN with pore diameter 45.0 Å (MSN45) and 120.0 Å (MSN120) were supplied by Sigma-Aldrich 
(Singapore). Methanol, Na2HPO4, and Na2HPO4 were obtained from Merck, while other chemicals were of reagent 
grade.

Estimation of AM Molecular Dimension
A single crystal structure of AM was collected from PubChem with the CID 5281255. The compound was prepared using 
Chem3D Pro 12.0. The “measure distance” tool was used to determine the distance between the atoms. Subsequently, the 
surface area for adsorption was estimated from the 2 longest dimensions of the AM structure.

Calculation of the Theoretical Monolayer of the AM Structure
The quantity of AM needed to obtain the monolayer coverage within MSN particles was calculated in accordance with 
the procedures of Azaïs et al35 as shown in the following Equation (1)

where, X shows the capacity of AM needed to form the monolayer adsorption on the silica surface of MSN (g/g), 
SSAMSN is the specific surface area (SSA) of MSN (MSN45 = 1040 m2/g and MSN120 = 473 m2/g), MWdrug is the 
weight of the drug molecule (AM = 410.5 g/mol), Sdrug is the molecular contact surface area of each drug, and NA is the 
number of Avogadro (6.022 × 1023 mol−1). The molecular dimensions of AM were estimated as shown in Figure 1.

Preparation of AM Loaded-MSN by Solvent Evaporation Method
AM-loaded MSN was prepared using the solvent evaporation method. Initially, the compound was dissolved in methanol 
was used to dissolve AM, and MSN was dispersed into the solution. The suspension was sonicated at 25 °C for 3 min and 
evaporated for 15 min at 40 °C using a rotary evaporator with a water bath. The resulting powder was dried at 40 °C for 
48h in an oven to obtain AM-loaded MSN (AM/MSN45 and AM/MSN120).
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Powder X-Ray Diffraction (PXRD) Measurement
PXRD measurement was performed using The PANalytical X’Pert PRO series PW3040/X0 to evaluate the drug 
crystallinity in the AM/MSN. The set conditions were the target, Ci; filters, Ni; 40 kV voltage, 40 mA current, 4°/min 
scamming rate, and 2θ=4°-60°C scanning angle.

Differential Scanning Calorimetry (DSC) Measurement
DSC measurement was conducted using a Shimadzu 60 DSC instrument. An aluminum pan containing a 5 mg sample 
was filled with N2 and purged at a flow rate of 10 °C /minute. Subsequently, the sample was measured at a temperature of 
0–200 °C and a heating speed of 2 °C/min with a modulation of ± 0.5 °C.

Fourier Transform-Infrared (FT-IR) Spectroscopy
The FT-IR spectrometer (Shimadzu IRPrestige 21) was used to record the IR spectra of samples. For the analysis, 4 mg 
of each sample was mixed with 100 mg KBr, compressed into tablets, and scanned from 400–4000 cm−1 region.

Drug Loading Efficiency Measurement
The drug loading efficiency of AM loaded-MSN was determined by adding AM/MSN in methanol and stirring for 
1 h. Subsequently, 5 mL of the supernatant was filtered through a 0.45 μm membrane filter and analyzed using high- 
performance liquid chromatography (HPLC).

HPLC Condition
The HPLC analysis was conducted with a Dionex-Ultimate 3000 hPLC instrument (Dionex, Sunnyvale, CA, USA). The 
sample was injected into an Inertsil ODS C18 (Torrance, California, USA) column sized 6.0×150 mm at an ambient 
temperature of 30 °C. The mobile phase consisted of a mixture of acetonitrile and 0.1% formic acid in water, with a ratio 
of 95:5. The samples were identified utilizing a UV detector set at a wavelength of 244 nm.

Crystalline and Amorphous Solubility Measurement
The solubility of AM crystal and AM/MSN was determined using 50 mm phosphate buffer at pH 7.4 and 37 °C. The excess 
amount of each sample was dispersed into the phosphate buffer solution and shaken for 48 h at 37 °C. Subsequently, the 
solutions were filtered through a 0.45 μm membrane filter, diluted with methanol, and analyzed using HPLC. Amorphous 
solubility of AM was also determined using centrifugation, as described in a previous report by Dening et al.36

Figure 1 Molecular structure and estimated molecular dimensions of AM (a) 3D, and (b) 2D.

Nanotechnology, Science and Applications 2025:18                                                                            https://doi.org/10.2147/NSA.S499007                                                                                                                                                                                                                                                                                                                                                                                                       3

Aulifa et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Dissolution Test
AM crystal and AM loaded-MSN were dissolved using the paddle method with Sotax AG CH-4008 dissolution 
instrument under non-sink conditions. The powder samples at an AM concentration of 50 μg/mL were dispersed in 
300 mL 50 mm phosphate buffer at pH 7.4. The solution was stirred at 37 °C with a paddle rotating at 150 rpm. 
Subsequently, 3 mL of dissolution media was withdrawn at definite time intervals, filtered through a 0.45-μm membrane 
filter, diluted with methanol, and analyzed using HPLC. The first filtrate around 0.15–0.2 mL was discarded after the 
filtration process.

Physical Stability
The physical stability of AM/MSN was evaluated by storing each sample under different conditions. These include (a) 25 oC in 
a tightly capped vial (0% relative humidity (RH)), as well as (b) 20 °C and 95% relative humidity (RH) in a desiccator containing 
saturated potassium nitrate solution.37 Finally, samples were evaluated via PXRD after a 14-day storage.

Results
PXRD Measurement
Figure 2 shows the PXRD pattern of AM/MSN with various weight ratios. Crystalline AM presented characteristic peaks 
of crystalline in the PXRD pattern, while the MSN45 and MSN120 featured a halo pattern. The characteristic diffraction 
peaks were observed as well in the AM produced by solvent evaporation (AM SE), suggesting that the amorphous state 
of AM did not occur as a result of its strong tendency to recrystallize. The AM/MSN45 at the ratio of 7:3 and 5:5 showed 
distinct peaks belonging to the compound, signifying the existence of crystals in the samples, while no peaks were 
observed at the ratio of 3:7. Meanwhile, in AM/MSN120, the characteristic peaks of crystalline AM were not observed at 
the ratio of 7:3, 5:5 and 3:7. The absence of characteristic diffraction peaks indicates that MSN entrapped almost all AM, 
and changes the molecular state of the compound from crystalline to amorphous.

Figure 2 XRD pattern of (a) AM/MSN45 and (b) AM/MSN120 with various ratio. The asterisk represents the peaks of crystalline AM.
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DSC Analysis
DSC analysis was conducted based on the presence of melting peaks to determine the maximum amount of AM loaded- 
MSN. The measurement result of AM/MSN45 and AM/MSN120 is presented in Figure 3. AM crystal and AM SE 
showed the endothermic melting peaks at 177 °C, while MSN did not feature any melting peak in DSC curves (data not 
shown). The peak of AM was still observed in AM/MSN at a weight ratio of 7:3 and 5:5 as well as in AM/MSN120 at 
a ratio of 7:3. The heat of fusion of AM decreased with a reduction in concentration of the compound in MSN, either in 
AM/MSN45 or AM/MSN120 system. Furthermore, the presence of a melting peak was attributed to the existence of 
some AM outside the MSN, which confirmed the result of the PXRD measurement.23,38 In contrast, the peak was not 
observed in the AM/MSN45 = 3:7 and AM/MSN120 = 5:5. The absence was attributed to the successful encapsulation of 
AM into MSN.39

To confirm the relevance of loading amount with theoretical value, the calculation of AM/MSN45 and AM/MSN120, 
referred to as theoretical monolayer coverage of drug within MSN, were performed. Based on Equation (1), the amount 
of AM required for a monolayer coverage of MSN45 and MSN120 were 65.64 w/w% and 29.77 w/w%, respectively. The 
incorporation of 30% AM into MSN45 in the experiment was quite reasonable as it was lower than the theoretical value. 
This signified that AM was monomolecularly adsorbed on the silica surface of MSN4.23 In contrast, the theoretical 
amount needed to fill the silica surface of MSN120 was significantly different compared to the AM-loaded-MSN120 
obtained experimentally. The amount of AM obtained experimentally was significantly higher than that of the theoretical 
monolayer coverage value. Based on the assumption, the bigger pores of MSN120 should provide drug molecules more 
capacity, thus the AM can form the multilayers formation within MSN120.40 Therefore, further investigation was needed 
to confirm the mechanism of AM within this mesoporous material. Based on this result, the theoretical calculation of AM 
is not adequate to estimate the maximum loading amount. The AM/MSN45 = 3:7 and AM/MSN120 = 5:5 were used for 
the subsequent FT-IR measurement, as well as dissolution and physical stability studies.

FT-IR Measurement
The carbonyl of AM presents electronegative oxygen centers, thus the interaction of AM and MSN can be predicted through 
hydrogen bonding between the electron’s lone pairs associated with surface silanol groups. It is important to acknowledge that 
FT-IR measurement was utilized to evaluate the interaction between AM and the silica surface of MSN. Absorbed water was 

Figure 3 DSC pattern of AM, AM SE, and AM/MSN with various weight ratio.
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identified as the cause of the infrared absorption peaks in the MSN45 spectra, which were located at around 1630 cm−1, as 
presented in Figure 4. This result was in line with a previous study reporting adsorption peaks at these wavelengths.41 In AM/ 
MSN45, a free carbonyl vibration around 1632.77 cm−1 changed to 1631.81 cm−1. This signified the possibility of the hydrogen 
bonding between the carbonyl oxygen atom of AM with the surface hydroxyl of MSN45. Similar results were also observed in 
the AM-loaded MSN120, a free carbonyl vibration changed to 1611.55 cm−1 (Figure 5). This indicated that the interaction 
between the silanol groups on the surface of MSN120 with the carbonyl group of AM was formed within the material.

Solubility Test
The solubility was measured to characterize the relative hydrophobicity of the AM. Using 50 mm phosphate buffer of pH 
7.4 and at a temperature of 37 °C, the equilibrium solubility of AM was determined. The equilibrium level of crystalline 
AM value was identified at 0.43 ± 0.3 μg/mL, signifying the extremely poor aqueous solubility of the compound. Table 1 
shows that the solubility was improved in the presence of MSN. The enhancement within MSN might be related to 

Figure 4 FT-IR results of AM, AM/MSN45, and MSN45.

Figure 5 FT-IR spectra for AM, AM/MSN120, and MSN120.

https://doi.org/10.2147/NSA.S499007                                                                                                                                                                                                                                                                                                                                                                                                                                       Nanotechnology, Science and Applications 2025:18 6

Aulifa et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



several mechanisms including changing the physical state from a crystalline to an amorphous state, and particle size 
reduction due to monomolecularly dispersion.23,39 However, amorphization could be the main reason for AM solubility 
enhancement. This is because the amorphous of the compound was stabilized by the nanoconfinement effect and surface 
interaction.42

Dissolution Test
The dissolution test of AM was performed in 50 mm phosphate buffer at pH 7.4 and 37 °C under non-sink conditions as 
shown in Figure 6.19,43 The loading efficiency of AM/MSN45 was discovered to be 95.07% ± 0.36 (w/w, n = 3), while 
the efficiency of AM/MSN120 was 99.48% ± 1.18% (w/w, n = 3). The concentration of phosphate buffer used as the 
dissolution medium was 50 mm. Previous reports stated that the aggregation of molecules through hydrophobic 
interactions would be promoted by increasing ionic strength leading to a decrease in the coexistence of 
concentration.19,43 The AM crystal showed a slow dissolution rate, and the concentration of the compound was 
determined at 0.43 ± 0.3 μg/mL. The dissolution profile of AM/MSN45 = 3:7 showed a rapid dissolution at the 
beginning of dissolution test and reached a maximum concentration of approximately 18.50 ± 6.49 μg/mL. 
Monomolecular dispersion of AM within MSN led to good dispersibility in the medium at the beginning of the test. 
The concentration of AM then gradually decreased due to associated nucleation and crystallization in the dissolution 
medium. Meanwhile, the AM dissolution of AM/MSN120 was considerably different compared to AM/MSN45. At the 
beginning of the test, the dissolution of AM in the AM/MSN120 was slower and reached the highest concentration of 
AM at 6.40 ± 0.22 μg/mL. Nevertheless, the concentration of AM in AM/MSN120 was still higher than that of AM 
crystal at approximately 0.44 μg/mL. This indicated that incorporating AM into MSN could improve AM dissolution. 
However, the difference in pore sizes between MSN and AM can have an impact on the dissolution profile.

Table 1 Crystalline (Sc,AM) and Amorphous (Sa,AM) Solubility of 
AM in 50 mm Phosphate Buffer at pH 7.4

Sample Sc,AM (µg/mL) Sa,AM (µg/mL) Sa,AM /Sc,AM

AM crystal 0.43 ± 0.3 0.43 ± 0.3 1

AM SE 0.43 ± 0.3 0.44 ± 0.06 1.02

AM/MSN45 0.43 ± 0.3 18.50 ± 6.49 43.02

AM/MSN120 0.43 ± 0.3 6.40 ± 0.22 14.88

0

5

10

15

20

25

0 5 10 15 20 25 30

C
on

ce
nt

ra
tio

n 
(µ

/m
L)

Time (min)

AM AM/MSN45Å=3:7 AM/MSN120Å=5:5

Figure 6 Dissolution profiles of AM crystal, AMMSN45=3:7, and AM/MSN120 5:5.
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Physical Stability Test
Physical stability of the AM/MSN45 = 3:7, and AM/MSN120 = 5:5 were monitored from PXRD measurements, as 
presented in Figure 7. The characteristic peaks of crystalline AM were observed in AM/MSN45 = 3:7 recrystallized after 
7 days of storage at 25 oC and 95% RH, due to the recrystallization. Meanwhile, AM/MSN120 = 5:5 retained its 
amorphous state after 7 days of storage at 25 °C and 95% RH. However, after 14 days of storage, we observed the 
characteristic peaks of crystalline AM. These data indicated that AM recrystallization occurred in either MSN45 or 
MSN120. This could be due to the fact that in a humidified condition, the water will compete with the drug in the case of 
interaction with the surface of MSN; thus, the water will replace AM and occupy the surface of MSN, facilitating the 
easy escape of AM from MSN pores and leading to the recrystallization outside the material.

Discussion
Speculated mechanism of AM dissolution from AM/MSN45 = 3:7, and AM/MSN120 = 5:5 is summarized in Figure 8. 
Immediately after AM/MSN45 = 3:7 was dispersed into the dissolution medium (pH 7)., the dissolution medium directly 
entered into the pores of MSN45. In drug development, pH 7.4 is frequently chosen as the primary condition for 
examining dissolution and release behavior because of its physiological relevance, especially for intravenous adminis-
tration. The systemic blood pH is rigorously maintained at around 7.4, rendering it an essential factor for assessing the 
pharmacokinetics of the drug post-absorption into the bloodstream. In the context of oral administration, despite the 
gastrointestinal tract’s varying pH levels, the intestine is the primary site for drug absorption. The small intestine offers 
a significant surface area for absorption and has a longer transit time than the stomach, establishing it as the principal site 
for drug uptake. Focusing on dissolution and release at pH 7.4 provides a more precise prediction of the drug’s 
bioavailability and therapeutic efficacy across various routes of administration. The monomolecularly dispersed AM 
on the surface of this mesoporous material can rapidly dissolve into the medium through the interaction of water 
molecules with the hydrophilic form of the compound. Therefore, the dissolved AM was rapidly released from the pore 
into the bulk medium. The high concentration of the compound was temporarily formed due to the rapid dissolution. The 
concentration then decreased because the crystal growth was formed in bulk solution. Meanwhile, in the case of AM/ 
MSN120 = 5:5, the release of AM was lower compared to AM/MSN45 = 3:7. This is likely due to the formation of AM 
multilayers within the MSN, which may suppress the rapid release of IBCAM from the pores into the bulk dissolution 
medium. The multilayers formation of AM could suppress the water contacting to AM occupying the surface of MSN 

0 day-storage

0 20 40 60
2Theta ( )

0 20 40 602Theta ( )

a b

*
*

*

**

**

*
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7 day-storage
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Figure 7 The PXRD pattern of a (a) AM/MSN45 = 3:7, AND (b) AM/MSN120 = 5:5 after storage at 25°C, 95%RH. The asterisk represents the peaks of crystalline AM.
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due to the intermolecular interaction of AM within MSN120. Thus, the water only contact directly with the surface of 
multilayers formation of AM, leading to the low concentration of AM from AM/MSN120 compared to AM/MSN45.43

The mechanism of physical stability from AM/MSN45 = 3:7, and AM/MSN120 = 5:5 under humidified conditions 
was presented in Figure 8. Humidifying condition causes the absorption of water molecules by the surface of the drug, 
leading to recrystallization.44 In the process, water enters into mesopores of MSN and interacts with the surface of the 
material. This led to the replacement interaction between the drug and the silanol group. The hydrophilic surfaces of 
MSN show stronger interactions with water compared to hydrophobic surfaces.45,46 Therefore, water molecules can 
break hydrogen bonds between silanol groups and drugs when the relative humidity is high, facilitating the release of 
drugs. It is important to acknowledge that the existence of AM outside MSN can induce recrystallization. The drug 
molecules will recrystallize in the mesopores only when the pores size of the material is greater than 20 times the 
diameter of the molecule.47 The pore size of MSN at 16 and 45 Å is approximately 4–12 times larger than the size of the 
AM of 11.76 Å × 9.20 Å. Therefore, recrystallization for AM/MSN45 = 3:7 and AM/MSN120 = 5:5 under humidifying 
conditions occurred in the outside of the material. The pore size of mesoporous silica nanoparticles (MSN) significantly 
affects the dissolution behavior and drug release profile of α-mangostin, as demonstrated by the differing release patterns 
for MSN45 and MSN120. The rapid dissolution and temporary high concentration in the bulk medium for AM/MSN45 
can be attributed to the monomolecular dispersion of α-mangostin on the surface of smaller pores48,49 The improved 
dissolution is likely attributed to the increased surface area and the close interaction with hydrophilic silanol groups, 
facilitating rapid release and transient supersaturation. The decrease in concentration resulting from crystallization in the 
bulk medium indicates that while smaller pores enhance dissolution rates, the preservation of supersaturation is 
temporary, constrained by nucleation and crystal growth processes.50,51

Figure 8 Schematic illustration of AM dissolution from AM/MSN45 = 3:7, and AM/MSN120 = 5:5.
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The slower release from AM/MSN120 underscores the influence of multilayer formation within the larger pores. The 
diminished release rate indicates that the aggregation of α-mangostin molecules within MSN120 forms a barrier that 
obstructs water penetration, thereby inhibiting rapid dissolution. This observation contrasts with the anticipated result, as 
larger pores generally promote quicker release, highlighting the significance of intermolecular interactions in regulating 
the dissolution process. Multilayer formation induces steric hindrance, which diminishes water accessibility and conse-
quently restricts dissolution efficiency relative to the monomolecular dispersion seen in MSN45.52

The potential for recrystallization under humidified conditions supports the hypothesis that larger pores enhance 
crystallization beyond the mesopores. The pore sizes of MSN45 and MSN120 are 4–12 times larger than α-mangostin 
molecules, leading to recrystallization primarily occurring outside the mesopores. This phenomenon is attributed to the 
disruption of drug-silanol interactions by water molecules. This phenomenon reinforces the conclusion that pore size has 
a dual function in promoting initial dissolution and affecting the physical stability of the drug under particular 
environmental conditions.53

This study’s observation of supersaturation behavior underscores the intricate relationship among pore size, dissolu-
tion rate, and recrystallization. MSN45 facilitates rapid and significant supersaturation, whereas MSN120 exhibits a more 
regulated, though reduced, release attributed to the multilayered structure of α-mangostin. The findings suggest that the 
supersaturation state is influenced not only by pore size but also by the molecular organization present within the pores.

The pore size of mesoporous silica nanoparticles affects the dissolution and release behavior of α-mangostin via 
mechanisms related to surface area, steric effects, and recrystallization potential. MSN45 enables rapid dissolution and 
transient supersaturation owing to its smaller pores and larger surface area, while MSN120’s larger pores result in slower 
release due to multilayer formation and decreased water accessibility. This analysis offers a detailed perspective on the 
customization of mesoporous materials to improve drug release profiles and increase the bioavailability of poorly water- 
soluble compounds such as α-mangostin of mesoporous silica nanoparticles (MSN) significantly affects the dissolution 
behavior and drug release rate of α-mangostin through various physicochemical interactions. Smaller pores, as observed 
in MSN45, offer a greater surface area compared to MSN120. The increased surface area facilitates greater contact 
between α-mangostin and the dissolution medium, thereby promoting a more rapid initial dissolution and potentially 
leading to a heightened supersaturation state. Supersaturation is crucial for poorly water-soluble compounds such as 
α-mangostin, as it increases apparent solubility and may enhance bioavailability. Reduced pore sizes restrict drug 
molecule mobility, thereby decreasing the probability of rapid diffusion while facilitating sustained release via gradual 
diffusion over time.

Larger pores, exemplified by MSN120, diminish steric hindrance and facilitate accelerated drug diffusion owing to 
their more open structure, thereby enhancing the release rate. The rapid diffusion may induce a more immediate yet less 
stable supersaturation state, which could lead to a more rapid decrease in concentration upon reaching equilibrium. 
Larger pores elevate the risk of recrystallization, especially when their size substantially exceeds that of the α-mangostin 
molecules. The cited statement indicates that recrystallization typically occurs outside the mesopores when the pore size 
is more than 20 times the molecular diameter. The pore sizes of MSN45 (approximately 45 Å) and MSN120 
(approximately 120 Å) are 4–12 times larger than that of α-mangostin (dimensions of 11.76 Å × 9.20 Å), indicating 
a greater potential for recrystallization in MSN120, especially in humid conditions. This would impair the dissolution and 
release performance by decreasing the quantity of amorphous α-mangostin available for rapid dissolution.

The behavior of supersaturation is closely related to pore size. In MSN45, α-mangostin is maintained in a highly 
dispersed, potentially amorphous state, which promotes prolonged supersaturation. The larger pores of MSN120 may 
enhance initial solubilization rates; however, they may also lead to a more rapid depletion of the supersaturated state due 
to recrystallization or swift diffusion into the surrounding medium. The pore size affects the dissolution rate and release, 
as well as the stability and duration of supersaturation, all of which are essential for optimizing the bioavailability of 
α-mangostin.

The interaction of pore size, surface area, steric effects, and recrystallization potential highlights the intricate 
dynamics of α-mangostin dissolution and release. MSN45 is more likely to maintain supersaturation and facilitate 
gradual release due to its increased surface area and confinement effects. In contrast, MSN120 may result in a quicker yet 
less stable dissolution profile, exhibiting a greater tendency for recrystallization and rapid depletion of the supersaturated 
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state.The physical stability of AM/MSN120 was observed to be greater due to the multilayers formation of AM within 
MSN120, which could suppress the release of AM from MSN. The primary mechanism through which mesoporous silica 
(MSN) enhances the physical stability of α-mangostin is its capacity to encapsulate drug molecules within its mesoporous 
structure, thereby diminishing the chances of recrystallization and aggregation.53–56 The larger pore size in MSN120 
promotes the formation of multilayers of α-mangostin within the mesopores. The multilayer formation is essential for 
improving physical stability by inhibiting the rapid release of α-mangostin into the surrounding medium. The close 
packing of drug molecules within the multilayers creates strong intermolecular interactions, such as van der Waals forces 
and hydrogen bonding, which further stabilize the amorphous state of α-mangostin. The limited mobility restricts the 
interaction between water molecules and the drug, consequently impeding the dissolution process and reducing the 
likelihood of recrystallization. The confined environment within MSN120 serves as a barrier to environmental factors 
like humidity, which can induce recrystallization, thus significantly improving the physical stability of α-mangostin over 
time.

Conclusion
In conclusion, the mechanism of the AM incorporated into MSN with various pore sizes and its relationship with 
dissolution properties and physical stability were elucidated. The AM was successfully incorporated into MSN through 
the solvent evaporation method, confirmed by PXRD and DSC measurements. FT-IR measurements showed that the 
hydrogen bond interaction between the carbonyl group of AM and the silanol surface of the mesoporous material was 
formed. The smaller pores size of MSN showed rapid release of AM in the dissolution medium and featured greater 
physical stability. This provided a fundamental insight into the formulation of the drug encapsulated into MSN, 
specifically in elucidating the relationship between the pore size of the MSN with the dissolution rate and physical 
stability of the amorphous drug.
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