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Abstract: In this study, mesoporous silica nanoparticles (MSNs) were used to prepare an 

oral push–pull osmotic pump. Fenofibrate, the selected model drug, was firstly loaded into 

the MSNs, followed by a suspending agent consisting of a drug layer of push–pull osmotic 

pump. Fenofibrate-loaded MSNs were characterized by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), nitrogen adsorption/desorption analysis, differential 

scanning calorimetry (DSC), powder X-ray diffractometry (PXRD) analysis, and Fourier-

transform infrared (FT-IR) spectroscopy. Polyethylene oxide of molecular weight (MW) 

100,000 and polyethylene oxide of MW 6,000,000 were selected as the suspending agent and 

the expanding agent, respectively. Cellulose acetate was used as the semipermeable membrane, 

along with polyethylene glycol 6,000 to increase the flexibility and control the membrane 

permeability. The in vitro dissolution studies indicated that the osmotic pump tablet combined 

with MSNs was able to deliver fenofibrate in an approximately zero-order manner in 24 hours. 

A pharmacokinetic study showed that, although the maximum plasma concentration of the 

osmotic pump was lower than that of the reference formulation, the relative bioavailability 

was increased, indicating that the osmotic pump was more efficient than the reference tablets. 

Therefore, using MSNs as a carrier for poorly water-soluble drugs is an effective method for 

preparing osmotic pump tablets.
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Introduction
Recently, mesoporous silica nanoparticles (MSNs) have attracted increasing attention 

due to their unique features, such as inert nature, high surface area, large pore volume, 

good biocompatibility, and high physicochemical stability.1–4 The large pore volume 

and high surface area of MSNs results in a high drug-loading capacity. Use of 

mesoporous silica as a drug carrier was first evaluated by Vallet-Regí et al.5 Since then, 

an increasing number of research studies have focused on drug-delivery applications of 

mesoporous silica materials and found that mesoporous silica significantly enhanced 

the solubility and dissolution of poorly water-soluble drugs.6–10 Because the pore size 

is only 2–50 nm, the drug is restricted and unable to crystallize. Compared with the 

crystalline state, the drug in this form exhibits a higher dissolution rate, especially 

when the solubility is limited by high lattice energy.11–13

Fenofibrate (FF), which belongs to Biopharmaceutical Classification System (BCS) 

class II, is poorly water soluble but is highly permeable. Therefore, the dissolution 

process is a key step in its drug absorption and in determining its oral bioavailability. 

After loading FF into MSNs, the solubility and dissolution rate are significantly 
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improved.6 However, two problems remain: (1) its release 

behavior cannot be controlled and (2) there are fluctuations in 

the plasma concentration. Zhang et al have reported that, after 

feeding FF to beagles, multiple peaks appeared in the plasma 

concentration–time profiles.14 The cause of this phenomenon 

is that absorption along the gut following administration of a 

large amount of FF (100 mg) is discontinuous.14–17 Therefore, 

we prepared a push–pull osmotic pump (PPOP) to control 

the release behavior and absorption of FF, in order to reduce 

fluctuations in the plasma concentration.

The osmotic pump drug delivery system is an ideal oral 

controlled-release formulation because it exhibits zero-order 

release. The benefit of this drug delivery system is independent 

of the release medium pH and the conditions in the gastroin-

testinal tract,18–20 and allows constant drug plasma levels to be 

achieved with minimized fluctuations.21–23 In 1975, Theeuwes 

was the first to develop an elementary osmotic pump (EOP) to 

delivery water-soluble drugs.19,24,25 The core tablet of an EOP 

contains an active agent, which draws in water through the 

semipermeable membrane to form a saturated solution. The 

dissolved drug is released from the pump at a constant rate 

under the power generated from the osmotic pressure gradient. 

Since FF is insoluble in water, it cannot be released at a con-

stant rate from an EOP. In order to allow FF to be released from 

the osmotic pump, we prepared a PPOP designed to deliver 

poorly water-soluble drugs. The core tablet of the PPOP con-

sisted of a drug layer and a push layer. The push layer expands 

after absorbing water through the semipermeable membrane 

and pushes out the drug and polymer in the drug layer through 

the release hole, in the form of a suspension.

Tahvanainen et al have reported the development of 

tablet formulations containing mesoporous silica material,26 

They studied the release behavior of the uncompressed drug-

loaded mesoporous silica material and the formulated tablet, 

and found that the drug-loaded mesoporous silica material 

could be compressed into tablets to significantly increase 

the release rate of a poorly water-soluble drug. This demon-

strated the feasibility of using mesoporous silica material for 

tableting. We optimized the formulation of a PPOP consist-

ing of drug-loaded MSNs in a series of in vitro dissolution 

experiments and examined the pharmaceutical performance 

to demonstrate its ability to reduce the plasma concentration 

fluctuations and increase the bioavailability.

Materials and methods
Materials
Tetraethyl orthosilicate (TEOS), 2,2′-azobis (2-methylpropi-

onamidine) dihydrochloride (AIBA) and hexadecyl trimethyl 

ammonium bromide (CTAB) were purchased from Tianjin 

Bodi Chemical Holding Co., Ltd. (Tianjin, People’s Republic 

of China). FF with purity 99% was provided by Dalian 

Meilun Pharmaceutical Co., Ltd. (Dalian, People’s Republic 

of China). Ordinary FF tablets (the reference tablets) were 

obtained from Hangzhou Minsheng Pharmaceutical Co., Ltd. 

(Hangzhou, People’s Republic of China). Polyethylene oxide 

(PEO) (different types) was purchased from Dow Chemical 

(Shanghai, People’s Republic of China). Polyethylene glycol 

(PEG) 6,000 and cellulose acetate (CA) were obtained from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, People’s 

Republic of China). All other chemicals used in this study 

were of analytical/high-performance liquid chromatography 

(HPLC) grade. Caco-2 cells were purchased from China 

Medical University.

Preparation of MSNs and drug-loading
A carefully weighed amount (0.1 g) of CTAB was placed 

in a three-necked flask, dissolved in 30 mL of water, and 

heated at 60°C with stirring to form a clear solution. Then, 

16 mL octane, 22 mg lysine, 1 mL TEOS, styrene monomer 

(50 mg/mL), and AIBA (0.84 mg/mL) were added to the 

solution. The system was heated at 60°C for 3 hours in a 

nitrogen atmosphere. Then, the heating was stopped, and 

the suspension was cooled naturally to room temperature. 

After standing for 12 hours, the suspension was centrifuged 

at a rate of 10,000× g and washed with ethanol, and then the 

obtained solid was dried at 50°C for 12 hours. Finally, the 

particles were calcined at 500°C to obtain MSNs.27

FF was loaded into pores of MSNs by the evaporation 

method. In detail, a certain amount of FF was dissolved in 

chloroform, followed by addition of an appropriate amount 

of MSNs to obtain samples with different FF-to-MSN ratios 

(1:1, 1:2, and 1:3 [w/w]). After stirring for 12 hours at 25°C 

in a closed container, samples were evaporated under normal 

conditions, then dried in a vacuum oven.

Characterization of FF-MSNs
scanning electron microscopy and transmission 
electron microscopy
The morphology and mesostructure of the samples were 

observed by scanning electron microscopy (SEM) (JSM-

7001F; JEOL Ltd., Tokyo, Japan), operated at 20 kV, and 

transmission electron microscopy (TEM) (Tecnai G2F30; FEI 

Co, Hillsboro, OR, USA), operated at 200 kV, respectively.

Nitrogen adsorption/desorption analysis
The nitrogen adsorption/desorption isotherms were exam-

ined on a surface area analyzer (SA3100; Beckman Coulter 

Inc, Brea, CA, USA). Samples were degassed at 40°C for 
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12 hours before testing. The Brunauer–Emmett–Teller (BET) 

method was used to determine the surface area, the Barrett–

Joyner–Halenda (BJH) model was used to analyze the pore 

size distribution, and the amount of nitrogen adsorption was 

used to calculate the total volume of the pores.

Differential scanning calorimetry and powder X-ray 
diffractometry analysis
Thermograms of FF-MSN were obtained using differential 

scanning calorimetry (DSC-60; Shimadzu Corp, Tokyo, 

Japan). The equipment was calibrated using an indium stan-

dard. The powder samples were heated, at constant rate of 

10°C/min over the range 50°C–300°C, in aluminum pans. 

The system was maintained under a nitrogen flow at a rate 

of 40 mL/min to provide an inert atmosphere.

The powder X-ray diffractometry patterns were recorded 

(Ultima IV; Ultima IV, Rigaku Corp, Tokyo, Japan) to further 

confirm the solid state of FF in MSN. Samples were irradi-

ated with Cu–Kα radiation under 30 kV and 30 mA over a 

2θ range from 5° to 60°. The step size and scan speed were 

0.02° and 4°/min, respectively.

Fourier-transform infrared spectroscopy
Fourier-transform infrared (FT-IR) spectroscopy was carried 

out (IFS 55; Bruker Corp, Billerica, MA, USA) over the range 

4,000–400 cm-1, using the KBr pellet method.

Preparation of PPOP tablets
Preparation of the core tablets
The core tablets were prepared with powder direct compres - 

sion technology according to the formulation shown in the 

Table 1. Before tableting, all components of the drug layer and 

the push layer were ground in a mortar then passed through 

an 80-mesh sieve to mix well, respectively. The push layer 

powder was first slightly compressed using a single punch 

tableting machine (TDP-1.5; Shanghai First Pharmaceutical 

Machinery Factory, Shanghai, People’s Republic of China) 

and then filled with the drug layer powder. The hardness of 

the obtained core tablets was in the range of 6–8 kg·cm-2.

Drilling hole and coating
The core tablets had a manually drilled hole with diameter of 

0.8 mm on the drug-side surface28 and was coated with CA 

acetone solution containing PEG 6,000, using a conventional 

coating machine (BY-300A; Huanghai Drug Inspection Instru-

ment Co., Ltd., Shanghai, People’s Republic of China), with 

an increase of 8%–10% in the weight of the core tablet.

Dissolution experiments
The dissolution test was conducted according to the United 

States Pharmacopeia (USP) 2 paddle method using a 

dissolution apparatus (ZRS-8G; Tianjin Guoming Medical 

Equipment Co., Ltd., People’s Republic of China). The 

dissolution medium was 1,000 mL water with added 

1% sodium dodecyl sulfate (SDS) to achieve sink conditions. 

The test was operated at 37°C±0.5°C, with a paddle speed of 

(100±1) rpm. Samples equivalent to 100 mg FF were added to 

the dissolution medium at time zero, then 5 mL samples were 

collected at specific times (1, 2, 4, 6, 8, 12, 16, and 24 hours). 

Fresh medium (5 mL) was added to the dissolution cup to 

maintain a constant medium volume. The concentration of FF 

was determined by ultraviolet (UV) spectroscopy (UV-2000; 

Unico, Dayton, NJ, USA) at a wavelength of 290 nm.

In vivo pharmacokinetic study
animals and dosing
A two-period crossover test was adopted to evaluate the 

pharmacokinetics of two different preparations (PPOP and 

reference tablets) in six beagle dogs provided by the Liaon-

ing Medical University Laboratory Animal Center, Jinzhou, 

People’s Republic of China. The protocol (study number 

SCSK [Liao] 2008-0002) of the animal experimental study 

was approved by the Liaoning Medical University Labora-

tory Animal Ethics Committee. Before the experiment, the 

beagle dogs (10.0±1.5 kg) were randomly assigned to two 

groups and fasted for 12 hours. One group was given the 

reference tablet, while the other group was treated with 

the designed PPOP in the morning. In order to ensure that 

the drug was not chewed during administration, the operator 

first pinched the dog’s jaw, raised the palate, and then placed 

the drug into the dog’s throat. At 4 hours after dosing, the 

animals were given a standard lunch. The washout time was 

at least 1 week. Blood samples (3.0 mL) were collected from 

the foreleg vein, using a vacuum blood collection needle 

and heparinized tube, at 0.5, 1, 2, 3, 4, 5, 6, 8, 12, 16, 24, 

Table 1 The composition of core tablet and coating solution

Ingredients Formulation

Drug layer FF-MSN 150 mg
PeO (100,000) 150 mg
Magnesium stearate qs

Push layer PeO (6,000,000) 250 mg
sodium chloride 80 mg
red iron oxide 1 mg
Magnesium stearate qs

coating solution cellulose acetate 15 g
Peg 6,000 3 g
acetone 500 ml

Abbreviations: FF-MSN, fenofibrate-loaded mesoporous silica nanoparticle; PEG, 
polyethylene glycol; PEO, polyethylene oxide; qs, quantum satis (amount that is needed).
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36, 48, and 72 hours after administration. Plasma samples 

were obtained by centrifuging the blood samples at 4,250× g 

for 10 minutes using a high-speed centrifuge (TGL-16B; 

Anting Scientific Instrument, Shanghai, People’s Republic 

of China) and stored at -20°C.14,29,30

Determination of FF in plasma
Following hydrolysis of the ester bond, FF is rapidly con-

verted to fenofibric acid, which is the active form and major 

metabolite of FF.16 Therefore, we measured the plasma 

concentrations of fenofibric acid by HPLC.17

To 400 μL plasma samples, we added 20 μL methanol 

and 400 μL of 1 mol/L HCl solution, followed by 20 μL 

internal standard solution (indomethacin, 20 μg/ml in metha-

nol). After vortex mixing for 3 minutes, 3 mL anhydrous 

diethyl ether was added and the solution vortexed for a 

further 10 minutes. After centrifugation at 4,250× g for  

10 minutes, the organic layer was transferred to another 

tube and evaporated at 40°C using a high-speed centrifuge. 

The residue was dissolved in methanol and centrifuged at 

12,750× g for 10 minutes, and then, 20 μL supernatant was 

subjected to HPLC.14

Data analysis
All data were processed using DAS 2.0 software. The maxi-

mum plasma concentration (C
max

) and the time to reach C
max

 

(T
max

) were directly got from the FF acid plasma concentration–

time curve. The area under the FF acid plasma concentration–

time curve (AUC
(0–∞)

) and the elimination half-life (t
1/2

) were 

obtained from the results of software processing.

MTT assay
MTT assay was used to determine the cytotoxicity of differ-

ent concentrations of MSNs on Caco-2 cells. The detailed 

operation was as follows: Caco-2 cells (logarithmic phase, 

105 cells/mL) were seeded in 96-well plates (each well 100 μL) 

and incubated at 37°C and 5% CO
2 
for 24 hours; then, 20 μL 

MSN suspension containing different concentrations (20, 50, 

100, 200, or 500 μg/mL) were added to the 96-well plates and 

incubated for 24 hours. Following this, 10 μL MTT (5 mg/mL) 

solution was added per well. After 24 hours, the solution was 

replaced with 100 μL dimethyl sulfoxide (DMSO). Finally, the 

absorbance was performed using a Multiskan™ (Mk3; Thermo 

Fisher Scientific Inc, Waltham, MA, USA) at 492 nm. The cell 

viability without MSN treatment was 100%, calculating the 

relative activity in each well of cells.

Results and discussion
Characterization of FF-MSNs
seM and TeM
As shown in Figure 1A, the MSNs were in the form of regular 

spheres, with a diameter of about 100 nm, and had a ragged 

surface, which is attributed to the nanopores. TEM was used 

to further study the pore structure of the MSNs. From the 

TEM image (Figure 1B), we can see that the pores of the 

MSNs were regular and extended from the center outward. 

The pore diameter was about 10 nm, confirmed by N
2
 adsorp-

tion and desorption analysis (Table 2).

These nanopores greatly increase the specific surface area 

of the MSNs and add to their adsorption ability. The unique 

mesoporous structure and good biocompatibility make MSNs 

Figure 1 seM (A) and TeM (B) images of MsNs.
Abbreviations: MSN, mesoporous silica nanoparticle; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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an excellent candidate for a drug carrier. The solvent evapo-

ration method was used to load the drug. Initially, the drug 

solution entered the pores, and then, the drug was deposited 

as the solvent evaporated. However, the crystallization pro-

cess was inhibited by the small size of the pores. According 

to Vialpando et al11 compared with the crystalline state, the 

amorphous drug is more soluble. Therefore, when the drug is 

loaded in MSNs, the drug solubility is significantly increased 

and the dissolution is also increased.

Nitrogen adsorption measurements
The N

2
 adsorption–desorption isotherms and the pore size 

distributions of MSN and FF-MSN are shown in Figure 2. 

We found that the N
2
 adsorption capacity and the pore size 

(4.32 nm) of FF-MSNs was significantly less than those of 

MSNs (pore size 10.75 nm), which indicated that the drug 

was loaded in MSN and occupied a certain amount of pore 

volume, resulting in a decrease in the nitrogen adsorption. 

Table 2 summarizes three physical parameters, namely the 

surface area, total pore volume, and average pore diameter 

of the MSNs and FF-MSNs. These data showed that MSNs 

had very large surface area and pore volume, which con-

firmed their stronger adsorption ability and great potential 

for application as a drug delivery vehicle. After loading with 

FF, those parameters of the MSNs were reduced significantly 

due to the FF, which filled the pores, blocking the absorption 

of N
2
, these indicated that FF was successfully loaded into 

the mesopores of the MSNs.

Dsc and PXrD
The crystal properties were examined using DSC. Figure 3 

shows the DSC thermograms of pure FF, physical mixtures of 

FF and MSNs, and different ratio FF-MSNs. A single sharp 

endothermic melting peak at 84.0°C was observed for both 

pure FF and physical mixtures of FF and MSNs; however, 

the FF endothermic peak disappeared completely at ratios 

of 1:2 and 1:3, indicating that FF existed in an amorphous 

state. However, when the ratio was 1:1, an FF endothermic 

peak was present, perhaps because the low percentage of the 

carrier resulted in incomplete loading of the drug into the 

pores, and a portion of the drug was attached to the surface 

of the MSNs.

PXRD was also used to describe the crystalline proper-

ties of FF. The PXRD profiles of FF, physical mixtures of 

FF and MSNs, and different ratio FF-MSNs are shown in 

Figure 4. A series of characteristic diffraction peaks of pure 

FF showed at a 2θ of 14.58°, 20.86°, 22.24°, and 26.18° in 

the physical mixtures. However, there was no peak in the 

FF-MSN solid dispersion at ratios of 1:2 and 1:3. Therefore, 

the FF absorbed into MSNs was in an amorphous state. At the 

ratio of 1:1, a part of the diffraction peaks of FF remained, 

suggesting that there was still presence of crystalline drug, 

which verified the conclusions of DSC.

FT-IR
FT-IR was used to analyze the chemical groups of a sample 

and also to assess whether a chemical reaction took place 

Table 2 Detailed textural parameters of the MSNs and FF-MSNs 
(1:3), by N2 adsorption measurements

Sample SBET (m
2/g) Vt (cm3/g) DBJH (nm)

MsN 399.59 2.27 10.75
FF-MSN 83.68 0.31 4.32

Abbreviations: DBJh, average pore diameter; FF-MSN, fenofibrate-loaded mesopo-
rous silica nanoparticle; MSN, mesoporous silica nanoparticle; SBeT, surface area; 
Vt, total pore volume.

Figure 2 The N2 adsorption–desorption isotherms and pore size distributions of 
the MSNs and FF-MSNs (1:3).
Abbreviations: FF-MSN, fenofibrate-loaded mesoporous silica nanoparticle; MSN, 
mesoporous silica nanoparticle; Ps, equilibrium vapor pressure; P0, saturated vapor 
pressure; STP, standard temperature and pressure.

Figure 3 Dsc thermograms.
Notes: The thermograms are shown for pure crystalline FF (a), the physical mixture 
of FF and the MSNs (b), and different ratio FF-MSNs: 1:1 (c), 1:2 (d), and 1:3 (e).
Abbreviations: DSC, differential scanning calorimetry; FF, fenofibrate; FF-MSN, 
fenofibrate-loaded mesoporous silica nanoparticle; MSN, mesoporous silica 
nanoparticle.
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θ °

Figure 4 PXRD profiles.
Notes: The profiles are shown for pure crystalline FF (a), the physical mixture of FF 
and MSNs (b), and different ratio FF-MSNs: 1:1 (c), 1:2 (d), and 1:3 (e).
Abbreviations: FF, fenofibrate; FF-MSN, fenofibrate-loaded mesoporous silica nano-
particle; MSN, mesoporous silica nanoparticle; PXRD, powder X-ray diffractometry.

between FF and the MSNs. As shown in Figure 5, the 

carbonyl stretching vibration peak (υ
c=o 

1,728 cm-1) of FF 

(Figure 5a) did not migrate after loading into the MSNs 

(Figure 5d). This showed that there were no hydrogen bonds 

between FF and MSN. Moreover, the carbonyl stretching 

vibration peak of FF became weaker after loading into the 

MSNs, which may be due to the embedding effect of MSNs. 

Compared with the infrared spectra of FF, there were no 

new peak formations in the FF-MSN spectra, indicating 

that the FF and MSNs did not chemically react but formed 

a physical adsorption.

In vitro dissolution of FF-MSNs
Figure 6 shows the dissolution profiles of the pure FF and 

FF-loaded MSNs at different ratios in water containing 

Figure 5 FT-IR spectra.
Notes: The spectra are shown for FF (a), the MSNs (b), the physical mixture of FF 
and MSNs (c), and the FF-MSN (1:3) solid dispersion (d).
Abbreviations: FF, fenofibrate; FF-MSN, fenofibrate-loaded mesoporous silica 
nanoparticle; FT-IR, Fourier-transform infrared; MSN, mesoporous silica nanoparticle.
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Figure 6 Dissolution profiles of different ratio FF-MSNs in water containing 1% 
sDs (w/v).
Notes: The curves are expressed as mean ± sD (n=3).
Abbreviations: FF-MSN, fenofibrate-loaded mesoporous silica nanoparticle; SD, 
standard deviation; SDS, sodium dodecyl sulfate.

1% SDS (w/v). For the pure FF, almost 15% dissolved 

within 60 minutes. However, when loaded into MSNs, the 

dissolution rate of FF from MSNs was significantly increased 

because the particle size of the drug was limited by the 

nanoscale pores, and the contact area of drug and dissolu-

tion medium was increased. The increased dissolution was 

attributed to the larger surface area of drug, according to the 

Noyes–Whitney equation:31,32

 dC dt = −k S C C
1

( )s  (1)

where k
1
 is the dissolution rate constant, S is the contact 

area between the drug and the dissolution medium, C
s
 is 

the apparent solubility and C is the drug concentration at 

time t.

As can be seen from the above equation, the dissolution 

rate dC dt  is proportional to the contact area between the 

drug and the dissolution medium (S). Under the conditions 

of other parameters constant, increasing the contact area 

between the drug and the dissolution medium can effectively 

speed up the dissolution rate.

Among the different drug-to-silica ratios (1:1, 1:2, and 

1:3), 1:2 and 1:3 displayed ideal dissolution behavior, and 

more than 90% was dissolved within 60 minutes. Statistical 

analysis showed that the drug-release behavior at ratios of 1:2 

and 1:3 exhibited no significant differences. DSC and XRD 

analysis proved that when the ratio of FF to MSNs was 1:2, 

the MSNs were able to effectively inhibit the crystallization 

of FF. At this ratio, after oral administration, the drug can 

be quickly dissolved in gastrointestinal fluids and then be 
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absorbed into the blood. Therefore, the ratio of FF and MSN 

was set at 1:2 for the following further investigations.

evaluation of the PPOP
The optimal formulation was mainly affected by the compo-

sitions of the core tablets and the coat film. Examining the 

dissolution performance in vitro, we found that the amount 

of the suspending agent PEO (100,000), the amount of the 

expanding agent PEO (6,000,000), the kind of osmotically 

active substances, and the coating thickness had significant 

influence on the FF release performance. However, the size 

of the drilling hole and the amount of sodium chloride in the 

push layer had no effect.

Figure 7A shows the influence of the amount of PEO 

100,000, the suspending agent in the drug layer, on drug 

release. It was found that a slow release was obtained along 

with an increased amount of PEO 100,000, due to the high 

viscosity of the suspension after drug layer infiltration. The 

amount of PEO 6,000,000 in the push layer also played an 

important role in drug release (Figure 7B), increasing the 

amount of PEO, which significantly improved the rate of 

drug release. PEO in the push layer swelled at near constant 

rate after absorbed water passed through the semipermeable 

membrane, then the increased volume generated pressure to 

push the drug layer out from release hole, in line with the 

zero-order model (Table 3). Therefore, increasing the amount 

of PEO in the push layer could generate greater pressure 

and push the drug layer out from release hole more rapidly. 

Osmotically active substances can increase the rate of the 

water across the membrane and into the pump, to acceler-

ate the expansion of PEO and push drug out via the release 

hole. The effects of different osmotically active substances 

Figure 7 Influence of the amount of PEO 100,000 in the drug layer (A), the amount of PeO 6,000,000 in the push layer (B), the kind of osmotically active substances (C), 
and the increased weight after coating (D), on drug release.
Notes: The curves are expressed as mean ± sD (n=3).
Abbreviations: PEO, polyethylene oxide; SD, standard deviation.

Table 3 Models of drug release

Model name Equation r

Zero-order model Mt/M =0.0347t +0.0182 0.9912
First-order model ln(1-Mt/M) =-0.0802t +0.0436 0.9628
higuchi diffusion model Mt/M =0.1625t1/2 -0.077 0.9322

Notes: Mt is the drug released fraction at time t; M is the maxim drug released 
fraction.
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on the release profile are shown in Figure 7C. It can be seen 

that NaCl can guarantee stable and sustained drug release; 

however, the release profile became slow if lactose was used 

as the osmotic active substances, which may be related to 

its dissolution rate in water. As water can only get into the 

interior of the osmotic pump through the membrane, the 

composition and thickness of the membrane therefore has a 

significant impact on the drug release. The coating solution 

was CA with 20% PEG 6,000, according to Liu et al.33 The 

thickness of the membrane is difficult to measure but was 

reflected by the increased weight after coating. Figure 7D 

shows the effect of the increased weight of coating on the 

release of the drug, with the weight increase and slower 

release of drug being due to the lower rate of water passing 

through the membrane.

The in vitro dissolution performance
The preparation and drug release process of PPOP are 

presented in Figure 8. FF was firstly loaded into MSNs to 

obtained FF-MSNs, which were then placed in the drug layer 

Figure 8 The preparation and drug-release process of the PPOP.
Abbreviations: FF, fenofibrate; FF-MSN, fenofibrate-loaded mesoporous silica nanoparticle; MSN, mesoporous silica nanoparticle; PPOP, push–pull osmotic pump.

of the PPOP. After oral administration, the PPOP entered 

the gastrointestinal tract. PEO in the push layer swelled 

after absorbed water passed through the semipermeable 

membrane (CA membrane with PEG 6,000, to control the 

permeability) and pushed FF-MSNs out of the release hole. 

After that, FF was rapidly dissolved in the gastrointestinal 

fluids (as the dissolution rate was enhanced by MSNs) and 

absorbed into the blood.

The in vitro dissolution of the designed PPOP was deter-

mined in water with 1% SDS, as shown in Figure 9A. We 

found that the designed PPOP had the ability to maintain a 

constant release rate from 0 to 24 hours. We fit the release 

of drug to three equations, including the zero-order model, 

the first-order model, and the Higuchi diffusion model, and 

the results are shown in Table 3. As can be seen from the 

results, the release manner of the designed PPOP was more 

in line with the zero-order model (r=0.9912). This is because 

the high-MW PEO can stably expand after absorption and 

then push the drug out of the hole at an approximately con-

stant rate, which is also the main reason for selecting PEO 

Figure 9 (A) Dissolution curve of PPOP in water containing with 1% SDS (n=3). (B) Mean FF acid plasma–time curve of PPOP and reference tablets, from a single-dose 
(100 mg) bioavailability study (n=6).
Notes: The curves are expressed as mean ± SD; the blue boxed area and arrows in (B) show fluctuations in the FF acid plasma-time curve of reference tablets.
Abbreviations: FF, fenofibrate; PPOP, push–pull osmotic pump; SD, standard deviation; SDS, sodium dodecyl sulfate.
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Table 4 Pharmacokinetic parameters of PPOP and reference tablets

Formulation Cmax (µg/mL) Tmax (h) T1/2 (h) AUC (µg/mL· h)

reference 0.96±0.17 2.23±0.22 12.48±7.47 11.77±5.29
Osmotic pump 0.74±0.31 5.12±0.37 21.72±6.32 18.87±3.84

Note: Values are expressed as mean ± sD (n=6).
Abbreviations: AUC, area under the plasma concentration–time curve; Cmax, maximum plasma concentration; T1/2, half-life; Tmax, the time to reach cmax; PPOP, push–pull 
osmotic pump; SD, standard deviation.

6,000,000 as the expanding agent. After oral administration, 

FF–MSNs would be released from the PPOP in zero-order 

manner, then FF would dissolve out from MSN and be 

quickly absorbed into the blood as a result of good biological 

membrane permeability. We hope to use this method to con-

trol the fluctuations of the plasma concentration effectively 

and improve the bioavailability of FF.

In vivo pharmacokinetics study
The mean plasma FF acid concentration–time curves for both 

the POPP and reference tablets in dogs are presented in Fig-

ure 9B. The pharmacokinetic parameters of FF are shown in 

Table 4. From the results obtained, we can see that a slower 

absorption was obtained for the PPOP (T
max

 of 5.12 hours) 

compared with the reference (T
max

 of 2.23 hours), while the 

C
max

 of the PPOP (0.74±0.31 μg/mL) was less than that of the 

reference tablets (0.96±0.17 μg/mL). Zhang et al reported that 

multiple peaks (around 3 hours and 16 hours) appeared on the 

plasma concentration–time curves of the reference tablets;14 

however, the plasma concentration–time curves of the PPOP 

exhibited only one peak and no large fluctuations, which 

results in an improvement in drug safety. Compared with the 

reference tablets, the relative bioavailability of the PPOP was 

increased by about 60.32%, which was attributed to the fact 

that MSN inhibited the crystallization of FF ( Figures 3 and 4).  

Therefore, POPP tablets clearly controlled the release rate 

of FF, resulting in a stable plasma concentration and signifi-

cantly improved oral bioavailability of FF compared with 

the reference tablets.

cytotoxicity assays
Figure 10 presented the cytotoxicity of different concen-

trations of MSNs on Caco-2 cells in 24 hours. As can be 

seen, cell viability was dependent on the concentration of 

MSNs. When the concentration increased, there was a slight 

decrease in cell viability, but the cell viability remained 

above 90%, which indicated that the MSNs exhibited no sig-

nificant cytotoxicity on Caco-2 cells; at the concentration of  

20–500 μg/mL, all the cells treated with MSNs could survive 

and maintain a normal growth rate. MSNs only produced 

a slight toxicity at higher concentration. Therefore, MSNs 

are biocompatible and can be an excellent vehicle for drug 

delivery, as concluded in many related studies.7,34,35

Conclusion
Mesoporous materials offer a new method to improve the 

solubility of poorly water-soluble drugs. However, this is 

just one of their many applications. Their unique structural 

characteristics will attract more and more attention and be 

applied to a wide number of fields, including pharmacy, to 

solve a variety of problems.

The osmotic pump is the best choice for controlled-release 

formulations because it offers a major advantage of control-

ling fluctuations in the plasma concentration, particularly 

when using highly toxic drugs. It is capable of releasing drugs 

in a zero-order manner and of maintaining the plasma con-

centration within the therapeutic window, in order to reduce 

the toxic side effects of some drugs. In this study, we demon-

strated that an osmotic pump in combination with MSNs could 

effectively control the drug release, reduce fluctuations in the 

plasma concentration, and increase the drug bioavailability. 

This provides new information on the use of MSNs.
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