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Background: Biopharmaceutics classification system class II drugs have low solubility, which 

limits their extent and speed of absorption after oral administration. Over the years, mesoporous 

materials have been widely used to increase the dissolution rate and oral relative bioavailability 

of poorly water-soluble drugs.

Objectives: In order to improve the dissolution rate and increase oral relative bioavailability 

of the poorly water-soluble drugs, a tin oxide carrier (MSn) with a mesoporous structure was 

successfully synthesized.

Methods: In this study, MSn was synthesized using mesoporous silica material (SBA-15) as the 

template. Fenofibrate (FNB) was adsorbed into the channels of MSn by an adsorption method. 

Characterizations of the pure FNB, MSn, physical mixture of the drug and MSn (PM; 1:1) and 

FNB-loaded MSn (FNB-MSn) samples were carried out by the scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), N
2
 adsorption/desorption, powder X-ray dif-

fractometer (PXRD), differential scanning calorimetry (DSC) and Fourier transform infrared 

(FT-IR) spectroscopy. Cytotoxicity assay (MTT) was used to evaluate the cytotoxicity of MSn. 

In vitro dissolution studies were performed to investigate the dissolution rate of FNB-MSn. 

In vivo pharmacokinetic studies were used to investigate the changes of plasma drug concentra-

tions of FNB-MSn tablets and commercial FNB tablets in rabbits.

Results: Detailed characterization showed that FNB in the channels of MSn was present in an 

amorphous state. The in vitro release tests demonstrated that MSn with a good biocompatibility 

could effectively enhance the dissolution rate of FNB. Pharmacokinetic results indicated that 

MSn significantly increased the oral relative bioavailability of FNB.

Conclusion: MSn can be regarded as a promising carrier for an oral drug delivery system.

Keywords: tin oxide, mesoporous material, fenofibrate, dissolution rate, oral relative 

bioavailability

Introduction
Over the past decades, a poorly water-soluble drug is an enormous challenge in 

pharmaceutical preparations. Many poorly soluble drugs have low oral bioavailability 

due to poor water solubility. To improve the dissolution rate, various formulation 

strategies such as reduced crystallite sizes,1 solid microcrystalline dispersion,2 solid 

dispersion3 and nanocrystal4 have been adopted and have achieved considerable 

success. In the recent past years, many pharmaceutical studies have been performed 

to solve this problem using mesoporous materials, such as mesoporous carbon 
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materials5–8 and mesoporous silicon materials.9–11 The advan-

tage of mesoporous materials is that nanoscale channels can 

restrict poorly water-soluble drugs from being present in an 

amorphous state to increase its dissolution rate and prevent 

the drug from recrystallization.12 He et al13 used mesopo-

rous silica nanoparticles (MSNs) to raise the solubility of 

paclitaxel. Zhang et al14 utilized highly ordered mesoporous 

carbon (HMC) matrices to increase simvastatin release and 

enhance its oral bioavailability. Yang et al15 designed amor-

phous mesoporous magnesium carbonate and successfully 

stabilized tolfenamic acid and rimonabant in their amorphous 

forms to enhance their bioavailability. Geszke-Moritz and 

Moritz16 exploited four APTES-modified mesoporous silicas 

as matrix to improve the dissolution rate of diflunisal.

Currently, an increasing number of researchers are 

focused on mesoporous metal oxides such as mesoporous 

ZnO nanospheres17 and mesoporous alumina18 as a drug 

carrier to improve the dissolution rate of insoluble drugs. 

These metal oxide materials have the common advantages 

of mesoporous materials such as high surface area and 

large pore volume.19 Recently, tin oxide has received wide-

spread attention in the field of pharmaceutical research as 

a result of its application in monitoring the drug release by 

fluorescent signal.20 Tin oxide is an n-type semiconductor 

with chemical stability, high specific surface area and good 

biocompatibility, has optical properties in the visible spec-

tral range and is extensively used in the fields of transparent 

conductors,21 gas sensors,22 biosensors,23 catalysis,24 energy 

storage25 and medicinal applications.26,27 However, so far, 

there have been no previous reports of the oral administration 

of mesoporous tin oxide-based formulations. In this study, 

we prepared a novel tin oxide carrier with a mesoporous 

structure to improve the dissolution rate of a poorly water-

soluble drug. Fenofibrate (FNB), a typical class II drug 

defined by the biopharmaceutics classification system (BCS), 

was selected as a model drug. FNB is virtually insoluble in 

water and physiological fluids.28 We utilized the mesoporous 

structure of MSn to increase the dissolution rate of FNB, and 

through in vitro drug release and in vivo pharmacokinetic 

study we verified that MSn was suitable as a carrier for the 

oral administration of poorly soluble drugs.

Materials and methods
Materials
FNB with purity .99% was provided by the Dalian Meilun 

Company (Dalian, China). Tin (II) chloride dihydrate 

(SnCl
2
⋅2H

2
O) was obtained from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). Poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol), 

P123, was purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). Tetraethyl orthosilicate (TEOS) was supplied by 

Tianjin Bodi Chemical Holding Co., Ltd. (Tianjin, China). 

Dichloromethane was obtained from Tianjin Guangfu Fine 

Chemical Co., Ltd. (Tianjin, People’s Republic of China). 

Hydrochloric acid, glacial acetic acid, methyl alcohol, hydro-

fluoric acid and anhydrous ethanol were purchased from 

Tianjin Yongsheng Fine Chemical Co., Ltd. (Tianjin, People’s 

Republic of China). The human colon adenocarcinoma 

Caco-2 cell lines were purchased from National Platform of 

Experimental Cell Resources (Beijing, People’s Republic 

of China). Deionized water was used in all experiments.

Synthesis of SBA-15 and MSn
Step 1
In a typical synthesis of SBA-15,29 2.0 g of nonionic triblock 

copolymer (Pluronic P123) was added to a homogeneous 

solution comprised of distilled water (15 g) and 60 g of HCl 

solution (2 M) under vigorous stirring at 40°C. Then, 4.25 g 

of TEOS was added to the abovementioned solution at 40°C 

under stirring for 24 h. Next, the mixture was stirred at 100°C 

for 3 days. The precipitate obtained was filtered and dried at 

room temperature. The solid products were calcined in air at 

500°C for 6 h to remove the organic template. The product 

obtained was SBA-15.

Step 2
MSn was prepared via an adsorption method using SBA-15 

as the template.30,31 SnCl
2
⋅2H

2
O was dissolved in 10 mL of 

ethanol to obtain a solution (3 M). Then, a certain amount of 

SBA-15 sample was added to the abovementioned solution. 

The mixture was stirred at room temperature for 24 h after 

sonicating for 1 h. The precipitate obtained by centrifuga-

tion was dried at room temperature and calcined at 550°C 

in air for 5 h. Finally, the template was removed by using 

20% hydrofluoric acid (HF) solution at room temperature 

to obtain MSn.

Drug loading
FNB was loaded into MSn using a slightly modified version 

of the method reported by Xu et al.32 Briefly, FNB was dis-

solved in dichloromethane and mixed with MSn in a mass 

ratio of 1/1. The mixture was stirred for 5 h in a closed con-

tainer. After centrifugation, the supernatant was removed and 

the loaded sample (FNB-MSn) was dried in a vacuum. The 

loading capacity was determined by ultraviolet (UV) spec-

trophotometry at a wavelength of 286 nm. The drug-loading 

content (DLC) of MSn was calculated by the following 

equation: DLC (%) = amount of drug present in MSn/total 

amount of FNB-MSn × 100%.
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Characterization of MSn and FNB-MSn
The morphology and structure of the SBA-15 and MSn were 

analyzed by scanning electron microscopy (SEM; JEOL 

JSM-7001F, operated at 20 kV; JEOL, Tokyo, Japan) and 

transmission electron microscopy (TEM; Tecnai G2F30; 

operated at 200  kV; FEI, The Netherlands). Nitrogen 

adsorption–desorption isotherms were measured by using 

a surface area and pore size analyzer (SA3100; Beckman 

Coulter, Brea, CA, USA), and the Brunauer–Emmett–Teller 

(BET) and the Barrett–Joiner–Halenda (BJH) methods were 

used to calculate surface area, pore volume and diameter 

distribution of MSn according to the isotherms. The physi-

cal state of FNB in MSn was investigated using a powder 

X-ray diffractometer (PXRD; Rigaku Geigerflex XRD, Co., 

Tokyo, Japan; Cu Kα radiation, 30 kV and 30 mA Philips). 

Measurements were taken using a step size of 0.02° at a scan 

rate of 4°/min. A differential scanning calorimeter (DSC; 

DSC-60; Shimadzu, Kyoto, Japan) was utilized to examine 

the drug crystallinity. DSC analysis was carried out using a 

heating rate of 10°C/min from 50°C to 300°C under nitrogen 

at a flow rate of 150 mL/min. The Fourier transform infrared 

(FTIR) spectra of the samples were recorded using an FTIR 

spectrometer (Bruker IFS 55; Bruker Corporation, Billerica, 

MA, USA) with the aid of KBr pellets in the wavenumber 

range of 400–4,000 cm−1.

Cytotoxicity assay (MTT)
MTT assay was performed to evaluate the cytotoxicity of 

MSn. The Caco-2 cells were cultured for 24 h at a density 

of 1 × 105 cells/well in 96-well polystyrene-coated plates 

at 37°C in a CO
2
 incubator. MSn with a concentration of 

250 μg/mL, 100 μg/mL, 50 μg/mL, 20 μg/mL, 10 μg/mL 

and 5  μg/mL was added into 96-well polystyrene-coated 

plates. After 24 h of incubation, the MTT reagent (20 μL, 

5 mg/mL) was added to each well and then further incubated 

for 4 h. Dimethylsulfoxide (DMSO; 150 μL) was added, and 

the plate was vibrated for 10  min under dark conditions. 

A microplate reader (Biotek, Winooski, VT, USA) was 

used to record absorbance at 492 nm. All experiments were 

performed in triplicate (n = 3).

In vitro dissolution
In vitro dissolution studies were performed according to 

the USP II paddle method using a dissolution instrument 

(ZRS-8G; Tianjin Xintianguang, Tianjin, People’s Republic 

of China). The dissolution medium was an aqueous solution 

containing 1% of sodium dodecyl sulfate.33 The temperature 

was maintained at 37°C ± 0.5°C, and the paddle speed was 

100  rpm. The sample specification was 100  mg, and the 

medium volume was 1,000  mL. Then, 5  mL of samples 

was taken at 5 min, 10 min, 15 min, 20 min, 30 min, 45 min 

and 60  min and passed through a 0.45  μm microporous 

membrane filter. The same amount of fresh dissolution 

medium was simultaneously added to the dissolution cup to 

maintain a constant total volume. The concentration of FNB 

was measured by UV spectrophotometry (UV-2000; Unico, 

Franksville, WI, USA) at a wavelength of 286 nm.

Preparation of FNB-MSn tablets
FNB-MSn tablets were prepared by powder direct compres-

sion technology. The mixtures of FNB-MSn powders and the 

excipients were ground in a mortar and passed through an 

80 mesh sieve. Finally, FNB-MSn tablets were obtained using 

a TDP single-punch tableting machine (TDP-1.5; Shanghai 

Wangqun, Shanghai, People’s Republic of China) equipped 

with flat punches with a diameter of 8 mm. In addition, we 

also measured the hardness, friability and disintegration time 

of the tablets.

In vivo pharmacokinetic study
Animals and dosing
Rabbits (2.5 ± 0.5 kg) were supplied by the Jinzhou Medical 

University Laboratory Animal Center (Jinzhou, People’s 

Republic of China). All experimental procedures, used in 

the current study, were performed according to the relevant 

international regulations of the Guide for the Care and Use 

of Laboratory Animals and were approved by the Jinzhou 

Medical University Laboratory Animal Ethics Committee 

for animal experiments. Six rabbits were randomly divided 

into two groups. All rabbits were fasted for 12 h before the 

experiment but allowed free access to water throughout the 

study. One group was given FNB-MSn tablets, and the other 

group was given commercial FNB tablets. Each rabbit was 

given the same preparation containing 100 mg drug. Blood 

samples (3 mL) were withdrawn from the ear vein and placed 

in heparinized tubes at 5 min, 15 min, 30 min, 45 min, 1 h, 

1.5 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h and 36 h after drug 

administration by oral gavage. The blood samples were 

centrifuged at 4,250 rpm for 10 min using a high-speed cen-

trifuge (TG22-WS; Shanghai Danding, Shanghai, People’s 

Republic of China), and the obtained plasma samples were 

stored at −20°C until used for analysis.

Determination of FNB in plasma
For analysis, plasma samples (each 400 μL) were transferred 

to 10 mL centrifuge tubes, followed by the addition of 20 μL 

internal standard solution (methanolic indomethacin solu-

tion, 200 μg/mL), 20 μL methanol and 400 μL HCl aqueous 

solution (1 mol/L). After vortex mixing for 3 min, 3 mL 
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diethyl ether was added, and the solution was vortexed for 

a further 10 min. Each sample was centrifuged at 4,250 rpm 

for 10 min, and the supernatant was dried using a centrifugal 

drying machine. The residue was dissolved in 50 μL mobile 

phase. Then, each sample was vortexed for 5 min and cen-

trifuged at 12,750 rpm for 10 min, and 20 μL supernatant 

was subjected to high-performance liquid chromatography 

(HPLC; L-2400; Hitachi Ltd., Tokyo, Japan) for analysis. The 

mobile phase was a mixture of methanol and 0.1% glacial 

acetic acid (75:25, vol/vol). The flow rate was 1.0 mL/min, 

and the UV detection wavelength was set at 286 nm.34 The 

retention times of FNB and indomethacin were 10 min and 

12  min, respectively. Analysis was carried out using an 

Agilent 5 TC-C18 column (Shandong Ruide, Shandong, 

People’s Republic of China) (250 × 4.6 mm).

Statistical analyses
All the pharmacokinetic data on FNB were analyzed by the 

pharmacokinetic analysis software DAS 2.0 (Mathematical 

Pharmacology Professional Committee of China, Shanghai, 

People’s Republic of China). Several pharmacokinetic 

parameters, including the maximum peak concentration of 

the drug in plasma (C
max

), the time to reach the maximum 

concentration (T
max

) and the area under the curve (AUC), 

were obtained directly from the recorded results.

Results and discussion
Preparation and characterization of MSn
The preparation process for MSn is illustrated in Scheme 1. 

First, the SBA-15 was synthesized by using the block copo-

lymer surfactant P123 as the template agent. The P123 was 

removed by calcination to generate the mesochannels.35 

Then, SnCl
2
⋅2H

2
O was successfully incorporated into the 

mesochannels of SBA-15 (SBA-15-SnCl
2
) using an adsorp-

tion method. Subsequently, the SBA-15-SnCl
2
 was calcined 

in air, and then the SBA-15 was removed using 20% HF 

to obtain MSn. As shown in Figure 1A, the SEM image of 

SBA-15 as the template exhibited a regular rod-type mor-

phology with a diameter of ~0.5 μm and a relatively uniform 

length of 3.0 μm. As we could see from the TEM image 

(Figure 1B), SBA-15 showed a uniform and well-ordered 

mesoporous structure, and the average pore size of SBA-15 

was ~10 nm. As shown in Figure 1C, SEM images of the 

replicated MSn clearly exhibited overall particle morpholo-

gies and sizes of MSn very similar to SBA-15. In addition, 

the TEM image, as shown in Figure 1D, clearly displayed 

the highly ordered and well-distinguishable mesostructures 

of MSn, and the pore size of MSn was the same as the pore 

size of SBA-15. These results confirmed that the MSn was 

successfully replicated from the SBA-15. Thus, MSn had 

the structural advantages, such as ordered pore structure, 

high surface area, high pore volume and high drug-loading 

capacity, as drug carriers such as SBA-15.36,37 Nanoscale 

channels of MSn could restrict the drug to be present in an 

amorphous state rather than the crystalline state. Therefore, 

the dissolution rate of drugs could be significantly improved.38 

All the above mentioned structural characteristics indicated 

that synthetic MSn was suitable as an oral drug delivery 

carrier the same as other mesoporous materials.39,40

Nanostructures and degree of drug 
loading
The N

2
 adsorption/desorption isotherms and pore size dis-

tributions of MSn and FNB-MSn are shown in Figure 2A 

and B. Figure 2A shows that MSn exhibited typical type IV 

isotherms according to the International Union of Pure 

and Applied Chemistry classification with a clear hyster-

esis loop, indicating the properties of typical mesoporous 

materials.41 Details of the textural properties of MSn and 

FNB-MSn are summarized in Table 1. MSn had a relatively 

high specific surface area (S
BET

) of 51.98 m2/g, a relatively 

large total pore volume (V
t
) of 0.21  mL/g and a pore 

diameter (D
BJH

) of 10.87 nm. After FNB loading, the S
BET

, 

V
t
 and D

BJH
 of FNB-MSn were 17.54 m2/g, 0.08 mL/g and 

8.20 nm, respectively. The S
BET

, V
t
 and D

BJH
 of FNB-MSn 

were remarkably reduced compared with MSn, illustrating 

that FNB was successfully loaded into the MSn. In addition, 

drug loading also confirmed this explanation. Drug loading 

of MSn was up to 39.14%, which was attributed to a large 

pore volume and the high specific surface area of MSn.

Scheme 1 Schematic illustration of the synthesis of MSn using SBA-15 as templates.
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Figure 1 The SEM images of (A) SBA-15 and (C) MSn. The TEM images of (B) SBA-15 and (D) MSn.
Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron microscopy.

Figure 2 N2 adsorption–desorption isotherms (A) and pore size distributions (B) of MSn and FNB-MSn.
Abbreviations: FNB, fenofibrate; STP, standard temperature and pressure.
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PXRD and DSC characterization
PXRD analysis was carried out to investigate the physical 

state of the FNB in MSn. The PXRD patterns of pure FNB, 

MSn, physical mixture of the drug and MSn (PM; 1:1) and 

FNB-MSn samples are shown in Figure 3. The diffraction 

pattern of pure FNB was highly crystalline as confirmed by 

a series of peaks. The characteristic diffraction peaks were at 

20.98°, 22.4°, 24.84° and 36.94°. The main diffraction peaks 

of MSn were distinctive at 26.7°, 34.02°, 36.82°, 51.94° and 

54.78°, and these peaks can be well indexed to the (110), 

(101), (200), (211) and (220) planes of tetragonal SnO
2
, 

which was consistent with the previous literature.42 For the 

physical mixture, the main diffraction peaks were attributed 

to the superimposed peaks of pure FNB and MSn. However, 

no diffraction peak characteristic of pure FNB was observed 

in the FNB-MSn. This result indicated that the crystallinity 

of the drug is significantly restricted due to the mesoporous 

structure. FNB adsorbed in the pore channels of MSn was in 

an amorphous state, which was the main factor for enhancing 

the dissolution rate.

DSC was used to investigate the crystalline/amorphous 

state of the drugs in the carrier.43 The DSC curves of pure 

FNB, MSn, PM and FNB-MSn samples are shown in 

Figure 4. The DSC curve of pure FNB displayed a single 

sharp endothermic peak at 83°C, corresponding to its intrinsic 

melting point. The DSC thermogram of MSn did not exhibit 

any characteristic melting peak. The PM showed a slightly 

narrower melting peak than pure FNB at 83°C, attributed to 

the melting of FNB, which demonstrated that MSn did not 

change the physical state of FNB in the PM. In contrast, for 

FNB-MSn, the phase transition temperature disappeared 

at 83°C relative to the melting of crystalline FNB, which 

indicated that FNB was present in an amorphous state in the 

MSn. Consequently, the DSC further confirmed the results 

of PXRD characterization.

FTIR characterization
The FTIR spectra were used to identify possible chemical 

interactions between FNB and MSn. The FTIR spectra of 

pure FNB, PM, MSn and FNB-MSn are shown in Figure 5. 

The pure FNB showed characteristic bands at 2,983.88 cm−1, 

Table 1 Detailed textural properties of MSn and FNB-MSn 
obtained by N2 adsorption measurements

Samples SBET (m2/g) Vt (mL/g) DBJH (nm)

MSn 51.98 0.21 10.87
FNB-MSn 17.54 0.08 8.20

Notes: DBJH, pore diameter; SBET, specific surface area.
Abbreviations: BET, Brunauer–Emmet–Teller; BJH, Barrett–Joiner–Halenda; 
FNB, fenofibrate.

θ °
Figure 3 PXRD profiles of pure FNB, MSn, PM and FNB-MSn samples.
Abbreviations: FNB, fenofibrate; PXRD, powder X-ray diffractometer; PM, 
physical mixture.

°
Figure 4 DSC thermograms for pure FNB, MSn, PM and FNB-MSn samples.
Abbreviations: DSC, differential scanning calorimeter; FNB, fenofibrate; PM, 
physical mixture.

Figure 5 FTIR spectra of pure FNB, PM, MSn and FNB-MSn samples.
Abbreviations: FNB, fenofibrate; FTIR, Fourier transform infrared.
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1,730.15 cm−1 and 1,651.07 cm−1.44 As shown in Figure 5, 

the FTIR spectrum of MSn displayed a hydroxyl stretching 

peak at 3,000–3,700 cm−1, which illustrated that MSn had 

a hydrophilic surface with abundant hydrophilic hydroxyl 

groups,45 significantly increasing the contact of the FNB with 

water and reducing the diffusion resistance, which enhanced 

the dissolution of the FNB. The FTIR spectra of PM exhibited 

no modulation or new peaks at the characteristic peak posi-

tion, indicating that there was no interaction between FNB 

and MSn. The characteristic peaks of PM were consistent 

with the FTIR spectra of FNB-MSn, again demonstrating that 

no interaction occurred between the FNB and MSn. These 

results indicated that the adsorption of FNB in MSn was a 

physical adsorption.

Cytotoxicity assay
MTT assay was used to determine the cell survival and 

growth rates. The principle was that the mitochondrial 

succinate–tetrazolium reductase system could transform the 

exogenous MTT to a purple-colored crystalline formazan 

in living cells.46 The amount of formazan generated was 

proportional to the number of viable cells.47 To evaluate the 

biological safety of MSn, the results of the MTT assay are 

shown in Figure 6. The MSn showed a good biological safety 

on Caco-2 cells at all test concentrations. Even at the high 

concentration of 250 μg/mL, the cell viability was higher 

than 90.53% after 48 h incubation. The results demonstrated 

that MSn had better biocompatibility as a carrier for drug 

delivery.

In vitro dissolution of FNB-MSn powders
As shown in Figure 7, compared with the pure FNB, the 

FNB-MSn exhibited a significantly faster rate of drug dis-

solution. The FNB-MSn displayed a burst dissolution of 53% 

within 5 min compared with only 1.45% for pure FNB dis-

solved during the same period. In addition, it took 1 h for pure 

FNB to dissolve 27% of drug, whereas ,5 min was required 

for the FNB-MSn. At 1 h, 94% of FNB from FNB-MSn was 

released. Owing to the space limitation effect, MSn nanopores 

inhibited the crystallinity of FNB, which resulted in the reduc-

tion in the size of the FNB particles. Therefore, FNB was 

present in an amorphous state in the mesoporous structure of 

MSn. Moreover, the specific surface area of the drug particles 

was increased. According to the Noyes–Whitney equation, 

the dissolution rate was proportional to the specific surface 

area of the drug particles.48 Therefore, MSn could signifi-

cantly increase the dissolution rate of FNB, the major reason 

for improving the dissolution rate. These results confirmed 

that MSn was well suited as an oral drug carrier.

Evaluation of FNB-MSn tablets
The main factors affecting drug release from FNB-MSn 

tablets were adhesives, disintegrants, and fillers. Hence, we 

utilized a three-factor orthogonal experiment to explore the 

impact of these factors on drug release behavior and even-

tually got an optimal formulation (Table 2). As shown in 

Figure 8, the dissolution rate of FNB-MSn tablets showed 

Figure 6 Cell viability of MSn at different concentrations (n = 3).

Figure 7 In vitro drug cumulative dissolution percentage patterns of pure FNB and 
FNB-MSn powders.
Abbreviation: FNB, fenofibrate.

Table 2 Composition of FNB-MSn tablets

Ingredients Formulation 
(mg)

Carrier FNB-MSn 255
Adjuvant Lactose 80

PVP 2
CMC-Na 20
Magnesium stearate 2

Abbreviations: CMC-Na, sodium carboxyl methyl cellulose; FNB, fenofibrate; 
PVP, polyvinyl pyrrolidone.
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Figure 8 In vitro drug cumulative dissolution percentage patterns of FNB-MSn 
tablets and commercial FNB tablets.
Abbreviation: FNB, fenofibrate.

a significant enhancement compared with commercial FNB 

tablets. The cumulative dissolution rate of FNB-MSn tablets 

was over 93% in 1 h, but only ~68% of commercial FNB tab-

lets had dissolved. In addition, the hardness of the prepared 

FNB-MSn tablets was up to 4.4 ± 0.51 kg/cm2. The friability 

was 0.87% ± 0.06%, and no cracks or fractures were observed 

in the FNB-MSn tablets. The disintegration time was 12 min. 

The experimental results showed that the FNB-MSn tablets 

were in line with the tablet quality standard.

In vivo pharmacokinetic study
We prepared the FNB-MSn tablets and compared the in vivo 

release with commercial FNB tablets. The metabolites of FNB 

were the corresponding fenofibric acid. Therefore, fenofibric 

acid was measured to assess the in vivo pharmacokinetics of 

FNB.49 The FNB plasma concentration–time curves of the 

FNB-MSn tablets and commercial FNB tablets in rabbits are 

shown in Figure 9. The rate and extent of FNB absorption 

for these FNB-MSn tablets were significantly higher than 

the rate and extent of FNB absorption for commercial FNB 

tablets, which was consistent with the results of the in vitro 

dissolution study. The pharmacokinetic parameters were 

calculated by the pharmacokinetic analysis software DAS 2.0, 

according to the non-compartmental method, and the results 

are provided in Table 3. The C
max

 value (p , 0.05) and the 

AUC
0–36

 value (p , 0.05) of the prepared FNB-MSn tablets 

were up to 6,484.46 μg/mL and 35,979.93 μg/mL⋅h, respec-

tively. The C
max

 value (p , 0.05) of the FNB-MSn tablets 

was much higher than the C
max

 value (p , 0.05) of the com-

mercial FNB tablets, and the AUC
0−36

 value (p , 0.05) of 

the FNB-MSn tablets was more than twice as large as the 

AUC
0−36

 value (p , 0.05) of the commercial FNB tablets. 

The relative oral bioavailability of the FNB-MSn tablets 

was up to 226.75%. The existing drug state of FNB-MSn 

resulted in significantly higher C
max

 and AUC for the drug than 

commercial FNB tablets. To the best of our knowledge, the 

amorphous state was the main reason for the rapid dissolution 

rate and high oral bioavailability.50 Amorphous drugs have 

a better dispersibility in comparison with crystalline drugs, 

which resulted in improved solubility and dissolution rate. 

The dissolved drugs were directly absorbed into the blood 

circulation. As a result, the relative oral bioavailability of FNB 

was effectively increased. These findings showed that MSn 

could significantly improve drug dissolution and enhance 

drug absorption.

Conclusion
In this study, MSn with mesoporous structure was success-

fully prepared for improving the dissolution and oral relative 

bioavailability of FNB. Its structure was determined by SEM 

and TEM. PXRD and DSC characterization demonstrated 

that FNB was incorporated into the mesoporous structure of 

MSn and was present in an amorphous state. The MTT assay 

revealed that MSn had better biocompatibility in Caco-2 cells 

under the test conditions. In vitro drug dissolution studies 

showed that MSn greatly improved the dissolution rate of 

FNB. In the in vivo pharmacokinetic study, FNB-MSn tablets 

Figure 9 The FNB plasma concentration–time curves of FNB-MSn tablets and 
commercial FNB tablets in rabbits (n = 6).
Abbreviation: FNB, fenofibrate.

Table 3 Pharmacokinetic parameters of FNB after oral 
administration of FNB-MSn tablets and commercial FNB tablets

Samples Cmax 
(μg/mL)

Tmax (h) T1/2 (h) AUC0–36 
(μg/mL h)

FNB-MSn tablets 6,484.46 2.00 6.83 35,979.93
Commercial FNB tablets 3,734.26 2.00 5.04 15,867.55

Notes: AUC0–36, area under the plasma concentration–time curve; Cmax, maximum 
plasma concentration; T1/2, elimination half-life; Tmax, time to reach Cmax.
Abbreviation: FNB, fenofibrate.
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clearly improved the oral relative bioavailability of FNB in 

comparison with the commercial FNB tablets. These conclu-

sions confirm the significant application potential of MSn as 

a novel carrier for poorly water-soluble drugs.
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