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Novel floating tablets are designed using mesoporous silica 

nanoparticles for enhancing the drug delivery performance of 

both hydrophobic and hydrophilic drugs compared to 

conventional floating tablets.  

Since the first report of ordered mesoporous materials in the 

early 1990s,1 great attention has been paid to this family of 

materials due to their unique properties (e.g., easy synthesis, 

tunable structures, controllable surface chemistry)2, 3 and a 

broad range of applications.4-6 Recently, mesoporous silica 

nanoparticles (MSNs) have attracted enormous interest in drug 

delivery.7 The large surface area and high pore volume of 

MSNs render a high efficiency to load cargo molecules, while 

the adjustable pores with a range of sizes can be used to control 

the drug release in a sustainable manner.8, 9  MSNs have been 

demonstrated as targeted delivery systems to tumor cells10, 11 

and as stimuli-responsive systems12-14. MSNs have also been 

used in developing oral tablets because the oral route is still the 

preferable route of drug administration.15, 16 However, there is 

no report on using MSNs in localised drug delivery for the 

upper region of gastrointestinal tract (GIT), i.e., stomach. 

 High residence time and local drug release in stomach is 

prerequisite for the drugs with narrow absorption window in 

upper GIT, and poor solubility or degradation in small 

intestine.17 Various approaches have been developed for 

retaining a dosage form in stomach.18, 19 Among these floating 

delivery system is considered as an effective technique.20-22 A 

successful example of floating drug delivery systems is floating 

tablets.23 Traditionally, floating phenomenon in floating tablets 

is achieved by using swellable polymers or polymer mixtures 

and gas generating agents.17 However, for polymer based 

floating systems, controlling the release of highly water-soluble 

drug is limited.24 Moreover, drug and polymer are generally 

physically mixed which does not aid in enhancing solubility of 

inherently insoluble drugs. In light of the advantages of MSNs 

in solubility enhancement25 and controlled drug release,26 it is 

hypothesised that a floating tablet based on MSNs will provide 

unprecedented benefits to address the limitations of 

conventional polymer based floating tablets. 

 In this communication, we report the first example of novel 

floating tablets based on MSNs for the localised drug release. 

As shown in Scheme 1A, MCM-411 type MSNs are chosen as 

drug carriers. Hydroxypropylmethylcellulose (HPMC) is 

chosen as a gelling agent due to its non-toxic nature, easy 

compression and swelling properties, which is widely used in 

oral and topical pharmaceutical formulations. Sodium 

bicarbonate is used as a gas generating agent. The floating 

tablet is prepared by blending drug loaded MSNs, HPMC and 

sodium bicarbonate (Scheme 1B) and compressing into tablet 

(Scheme 1C) using a single punch tablet compression machine. 

Curcumin and captopril are chosen as model hydrophobic and 

hydrophilic drugs respectively to demonstrate the application of 

novel MSNs based floating tablet. The resultant tablets showed 

extensive floating behaviour  (>12 h) with improved dissolution 

rate and enhanced solubility for curcumin while extended 

release in case of captopril (Scheme 1D), providing a leap 

forward towards new application of mesoporous materials in 

localized oral drug delivery. 

  
Scheme 1 Schematic representation of floating tablets made from drug loaded 

MCM-41, polymer and sodium bicarbonate (A). After blending and compression 

(B), captopril (white colored) and curcumin (yellow) floating tablets are obtained 

(C), which can float in stomach >12 h (D). 
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 MCM-41 type MSNs were used in this study and prepared 

according to published methods27 with slight variations (see 

ESI†). Calcined MCM-41 with two different pore sizes (2.1 and 

1.7 nm) were used and the pore size adjustment was performed 

by a reported vacuum-assisted vapour deposition (VVD) 

process25 (ESI†).  The X-ray diffraction (XRD) patterns (Fig. 

S1A, ESI†) of calcined MCM-41 before and after VVD process 

both showed three well resolved peaks at 2θ of 2.68, 4.76 and 

5.42˚, which can be indexed as 100, 110, and 200 reflections of 

an ordered two dimensional hexagonal mesostructure. For 

MCM-41 after VVD process, the intensity of 110 and 200 

peaks was decreased due to the decreased scattering contrast 

between the pore and silica walls.28 This is evidenced from the 

N2 adsorption-desorption analysis. Comparing the isotherms of 

calcined MCM-41 before and after VVD process (Fig. S1B, 

ESI†), the capillary condensation step shifted to a lower relative 

pressure range after VVD treatment, reflecting a pore size 

reduction from 2.1 to 1.7 nm (Fig. S1C, ESI†), in accordance 

with our previous results.25 The surface areas and pore volumes 

are summarised in Table S1 (see ESI†). 

 Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) were used to study the 

nanostructure of MCM-41. SEM images of two MCM-41 

materials showed a spherical morphology with particle sizes of 

~120 nm (Figs. S2c and d, ESI†). TEM images of both 

materials showed stripe-like or hexagonal pattern (Figs. S2a, b, 

ESI†), typical of MCM-41 materials.29  

 Because MSNs have not been used in the formulation of 

floating tablets, screening tests were conducted to optimise the 

floating tablet formulation by increasing the amount of MCM-

41. The compositions of floating tablets (F0-FD) are shown in 

Table S2, ESI†. F0 is conventional polymer based, while FA-

FD has a silica weight ratio of 42, 55, 58, and 62%, 

respectively. All tablets floated in simulated gastric fluid (SGF, 

pH 1.2) longer than 12 h. The silica content after 12 h of 

floating test decreased as the amount of silica increased (Fig. 

S3B, ESI†). FA with the initial silica ratio of 42% has the 

highest retention ratio of 80%. An initially larger MCM-41 

content is beneficial for a higher dosage form, while the silica 

content remained in the tablet after floating is important to 

reduce the unwanted entry of drug into intestine. Consequently, 

the silica content of 42% was chosen as the optimised ratio 

(FA) in the following studies.  

 SEM was also used to investigate the morphology of 

floating tablets. A typical cross-section SEM images of FA is 

presented in Fig. 1a, showing a homogenous distribution of 

MCM-41 particles in the tablet. The HPMC (see SEM image in 

Fig. S2e, ESI†) and other ingredients cannot be seen in the 

tablet, suggesting a homogenous distribution of all ingredients. 

 After 12 h of floating test, the SEM image of F0 prepared 

without silica nanoparticles revealed a porous structure (Fig. 

S2f, ESI†). The pores are generated by entrapped CO2 produced 

by the reaction of sodium bicarbonate with HCl in the gastric 

juice (pH 1.2). In contrast, the SEM image of FA prepared in 

the presence of MSNs after floating for > 12 h  still showed 

homogeneously distributed MCM-41 nanoparticles in the 

polymer matrix (Fig. 1b), suggesting that HPMC play a dual 

role of gelling agent to entrap both gas and MSNs throughout 

the dissolution process. 

 
Fig. 1 Cross-sectional SEM images of (a) floating tablet with MSNs and (b) after 

12 h of dissolution study. 

 In order to prepare a drug loaded floating tablet, curcumin 

(Cur) was separately loaded into two calcined MCM-41 with 

different pore sizes by a rotary evaporation method (see ESI†). 

Curcumin loaded MCM-41 samples were characterised by 

thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC), XRD and N2 adsorption-desorption. TGA 

(Fig. S4, and Table S1, ESI†) showed that the weight 

percentage of curcumin was 20.0% and 20.9% in Cur-MCM-

41(1.7nm) and Cur-MCM-41(2.1nm) respectively. Sharp 

diffraction peaks were observed in 2θ range of 5-40˚ for both 

pure curcumin and the physical mixture of curcumin and 

MCM-41 as observed from wide-angle XRD patterns (Fig. 

S5A, ESI†). Pure MCM-41 showed no diffraction peaks in 2θ 

range of 5-40˚, indicating its amorphous nature. After loading 

curcumin into MCM-41, no obvious diffractions of curcumin 

were observed, suggesting that the drug has been successfully 

loaded as nano-aggregates into the pore channels of MCM-41 

in an amorphous state. This conclusion is further confirmed by 

DSC analysis. The DSC curve (Fig. S5B, ESI†) of pure 

curcumin showed a sharp endothermic peak at 172 ˚C 

corresponding to its melting point. After loading curcumin into 

MCM-41 this peak showed very week intensity, suggesting that 

the crystallinity of curcumin has been significantly reduced 

after loading inside the pore channels. 

 Fig. S6A (ESI†) showed the nitrogen adsorption/desorption 

isotherms of Cur-MCM-41(1.7nm) and Cur-MCM-41(2.1nm) 

were typical type IV with clear capillary condensation steps in 

the relative pressure (P/P0) range of 0.2-0.4. The details of 

surface area, pore volume, and pore size are given in Table S1, 

ESI†. After loading curcumin, the surface area and the pore 

volume decreased. However, the pore size remained the same 

(Fig. S6 B, ESI†). It is suggested that due to the hydrophobic 

nature of curcumin, the drug molecules tend to repel from the 

hydrophilic silanol groups on the surface and exist as isolated 

nano-aggregates inside the pore channels, thus the pore size 

after loading is not changed.  

 A hydrophilic drug (captopril) was also loaded into MCM-

41 with a pore size of 2.1 nm by a wetting impregnation 

method. The N2 sorption isotherm and pore size distribution 

Page 2 of 5Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

curve of MCM-41 after drug loading was shown in Fig. S7, 

ESI†. After drug loading the BET surface area decreased from 

946 to 534 m2/g, the pore volume from 0.66 to 0.38 cm3/g, and 

pore size from 2.1 to 1.7 nm (Table S1, ESI†). These data 

suggest that the drug molecules were introduced into the 

mesopores. From the TGA analysis (Fig. S8, ESI†) it is 

confirmed that the weight percentage of captopril loaded is 

16.4. Because captopril is hydrophilic in nature, the drug 

molecules may locate preferentially adjacent to the hydrophilic 

surface silanol, leading to a decrease pore size.  

 The drug loading is further confirmed by Fourier transform 

infrared (FTIR) studies (Fig S9, ESI†). FTIR spectra for the 

pure captopril showed peaks at 2880, 2955 and 2987 cm-1, 

corresponding to asymmetrical C-H stretching vibration of 

captopril anion, and the characteristic bands at 2569, 1745, 

1584 and 1475 cm-1 could be attributed to S-H, C=O of COOH 

group, C=O of amide and quaternary carbon atom respectively. 

A sharp peak at 3745 cm-1 can be observed for MCM-41, which 

is attributed to the isolated silanol groups and water molecules. 

The FT-IR spectrum of captopril loaded MCM-41 sample 

shows weak shoulder at 2959 cm-1 which is attributed to 

symmetrical CH3 stretching mode of captopril and a band at 

1749 cm-1 due to the COOH group on captopril.30 The C=O of 

amide can be clearly observed at 1646 cm-1, this shift is 

attributed to the weak interaction with the silanol groups on the 

surface of MCM-41. The signal from isolated silanol disappears 

for captopril loaded MCM-41. The corresponding peaks of the 

pure drug were observed in the Cap-MCM-41 particles, 

confirming that the drug was loaded effectively. 

 The in-vitro drug release profile of floating tablets was 

performed in SGF, pH 1.2 at 37 ºC using Rosette rise apparatus 

(RRA) to mimic the environment of stomach (Fig. S10, 

ESI†).31 Four different formulations were studied to show the 

 
Fig. 2 The morphology of floating tablet at different time points. (F1) Cur-MCM-

41(1.7nm), (F2) Physical mixture of curcumin and MCM-41, (F3) Pure curcumin, 

(F4) Cur-MCM-41(2.1nm). All the formulations contain polymer and sodium 

bicarbonate. 

importance of MSNs and its pore size in the release profile of 

curcumin (Table S3, ESI†). The total weight of tablets for four 

formulations and the amount of curcumin in each tablet are the 

same. F1 and F4 are made with polymer and drug loaded 

MCM-41 with the pore size of 1.7 nm and 2.1 nm, respectively. 

F2 is the physical mixture of MCM-41 (2.1nm), polymer and 

drug. F3 is made of polymer and drug in the absence of MSNs. 

Fig. 2 showed the morphology of floating tablets (F1-F4) at 

different time points of dissolution study. The diffusion of 

dissolution medium into the tablets was clearly visible at 1 h as 

evidenced by the volume change. However, there was no 

disintegration of tablets suggesting effective binding ability of 

HPMC and MSNs.  

 The release profiles of curcumin loaded floating tablet F1-

F4 are shown in Fig. 3. The release rate of F4 Cur-MCM-

41(2.1nm) was similar to conventional floating tablet F3. There 

is no significant difference in the release profile of F2 (floating 

tablet made from physical mixture) compared to F3 and F4. 

The dissolved curcumin from floating tablets was less than 19% 

at 20 h in three groups (F2-F4). Remarkably, the cumulative 

percentage drug release of F1 Cur-MCM-41(1.7nm) was twice 

that of conventional floating tablet at 20 h (42.8%). The 

solubility of a substance is a function of its particle size 

according to the Ostwald-Freundlich equation.25 After loading 

curcumin into MSNs, the size of curcumin is dependent on the 

pore size of MSNs. The enhanced solubility of curcumin in F1 

can be attributed to the use of MSNs with a carefully chosen 

pore size of 1.7 nm, which has been demonstrated before with 

the highest solubility enhancement. Additionally, it is noted that 

when curcumin was physically mixed with MSNs there was no 

improvement in release kinetics, indicating the encapsulation of 

curcumin into the nanopores is important for the solubility 

enhancement. 

 
Fig. 3 The release profile of curcumin from floating tablets. (F1) Cur-MCM-

41(1.7nm), (F2) Physical mixture of curcumin and MCM-41, (F3) Pure curcumin 

and (F4) Cur-MCM-41(2.1nm). All the formulations contain polymer and sodium 

bicarbonate. 

 

 For captopril floating tablets, two formulations were 

prepared. F5 was made from drug loaded MCM-41, while F6 

using HPMC polymers in the absence of MCM-41 (Table S4, 

ESI†). As expected for F6 batch, 60% of captopril was released 

within the first 6 h, and almost 100% release was observed at 8 

h (Fig. 4). This observation indicates that in the case of 

conventional polymer based floating tablets, swelling of HPMC 
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allows quick exposure of the drug molecules to dissolution 

medium, causing fast release of captopril into the SGF. While 

for floating tablet F5 made with MCM-41, a sustained drug 

release of captopril was observed reaching 100% only after 24 

h. At all time points the release rate of floating tablet F5 was 

slower than that of conventional tablet F6. Because the drug 

molecules are pre-loaded inside the nanopores, the dissolution 

medium has to diffuse through two barriers: the polymer matrix 

to induce the gelation of HPMC and the nanopores in order to 

dissolve the drug molecules. Consequently, the floating tablet 

made from MSNs gives rise to more control over hydrophilic 

drugs. 

 
Fig. 4 The release profile of captopril from floating tablet. (F5) Cap- MCM-41, 

(F6) Pure captopril. All the formulations contain polymer and sodium 

bicarbonate. 

 In conclusion, we have successfully prepared a new 

generation of floating tablets using MSNs as a key formulation 

ingredient. With this finding, the advantages of mesoporous 

materials can be further integrated into floating tablets with fine 

control over the sustainable release of water-soluble drugs and, 

more importantly, enhancing the solubility of poorly water-

soluble drugs, an issue that cannot be solved by conventional 

floating tablet technology. Our success has paved the way for 

formulation improvement in localised drug release. 
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Graphical Abstract 

 

 

Floating tablets were made with hydrophobic (curcumin) and hydrophilic (captopril) drug loaded mesoporous 

silica nanoparticles respectively, leading to improved dissolution rate of curcumin and controlled release for 

captopril. 
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