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Elucidation of acid strength effect on ibuprofen 
adsorption and release by aluminated mesoporous 
silica nanoparticles† 

N.H.N. Kamarudin,a A. A. Jalil,*a,b S. Triwahyono,c,d M. R. Sazegar, c,d S. 
Hamdan,e S. Baba,e A. Ahmad a,b 

Mesoporous silica nanoparticles (MSN) with 1-10 wt% loading of aluminum (Al) were prepared and 
characterized by XRD, N2 physisorption, 29Si and 27Al NMR, FT-IR and FT-IR preadsorbed pyridine. 
All samples were evaluated for the ibuprofen adsorption and release. The results showed that MSN gave 
almost complete ibuprofen adsorption while the addition of 1, 5, and 10 wt% Al onto MSN (1Al-MSN, 
5Al-MSN and 10Al-MSN) resulted in 35%, 58%, and 79% of adsorption, respectively. The 
characterization results elucidated that the highest adsorptivity of MSN was due to its highest surface 
silanol groups, while the increase in Brönsted acidity upon loading of Al provided more adsorption sites 
for the higher activity. Regardless of its highest adsorption capacity, MSN demonstrated the highest and 
fastest release (~100%) in 10 h, followed by 1Al-MSN, 5Al-MSN and 10Al-MSN. The increase in Al 
loading increased the acid sites that hold the ibuprofen molecules, which raised the retention in ibuprofen 
release. The pKa of Si-OH-Al that is lower than Si-OH sites also attracted the ibuprofen stronger, which 
resulted to the slower release of Al-MSN as compared to MSN. The cytotoxicity study exhibited that 
ibuprofen loaded Al-MSN able to reduce the toxicity in the WRL-68 cells, verifying its ability to hold 
and slower the release of ibuprofen as well as minimize the risk of drug overdose.  
. 
 

1. Introduction 
 
Drug delivery systems (DDS) are hybrid materials comprising a 
carrier and a drug that control the release rate of the biologically 
active molecules and reduce the limitations incurred with the 
classical administration of therapeutics, especially by minimizing the 
side effects1. The need for effective and patient-compliant drug 
delivery systems continuously leads researchers to design novel tools 
and materials. In recent years, mesoporous silica materials have been 
considered to be excellent candidates as carriers for drug delivery2-3. 
Mesoporous silicas such as MCM-41 and SBA-15 are solid materials 
comprised of a honeycomb-like porous structure with hundreds of 
empty channels (mesopores) that are able to absorb or encapsulate 
relatively large amounts of drugs or bioactive molecules. Their 
unique properties, such as good chemical and thermal stability, high 
surface area (>1000 m2/g), large pore volume (>0.9 cm3/g), tunable 
pore size with a narrow distribution (2–10 nm) make them 
potentially suitable for various controlled drug release applications4-

5. The main advantage of ordered mesoporous silica as drug delivery 
vehicles is that one can either deposit or covalently bind active 
species to the inner surfaces or into the silica walls6. In addition, the 
high density of silanol groups can easily be functionalized with 
organosilanes, amines, or carboxyl groups, as well as inorganic 

groups such as metals and phosphonates in order to increase the drug 
delivery performances7. We have also reported the surface 
functionalization of mesoporous silica nanoparticles (MSN) using 3-
aminopropyltriethoxysilane by co-condensation method to alter the 
silanol group coverage on the MSN surface, which then led to the 
differences in the mechanisms of ibuprofen loading and release8.  

Mesoporous silicas incorporated transition metals and metal 
oxides are also known as potential materials for the adsorption of 
drugs. For instance, Cu2+ loaded onto SBA-15 was reported to be an 
effective adsorbent for naproxen via the metal-drug complexion9, 
while MnO-loaded SBA-15 performed well as a vehicle for a 
doxorubicin anti-cancer drug due to the accessibility of its 
paramagnetic center for encapsulation/sustained release/intracellular 
delivery of drugs10. On the other hand, zeolite was also reported as a 
good candidate drug carrier because the Al allows potential 
interactions with the drug. In a series of SiO2/Al2O3 ratio studies, 
extra-framework Al in zeolite Y was found to form a complex with 
the drug 5-fluorouracil11. The Al content was also reported to 
generate acid sites that play an important role in ibuprofen 
adsorption12. However, the adsorptivity of such zeolites toward a 
wide range of drugs is still low due to their small pore sizes. In this 
sense, the use of larger pore size mesoporous silica with 
incorporated Al may offer greater advantages for drug adsorption. 
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Besides, detailed reports on the understanding of acidity in terms of 
Lewis or Brönsted acid sites with relative to the drug delivery are 
still rare. Therefore, in this study 1–10 wt% Al was introduced to 
MSN and the physicochemical properties were studied by XRD, N2 
physisorption, 29Si and 27Al NMR, FT-IR and FT-IR of preadsorbed 
pyridine. The evaluation of Al-MSN was conducted on the 
adsorption and release of ibuprofen, a non-steroidal anti-
inflammatory drug widely used in the treatment of pain and 
inflammation in rheumatic disease and other musculoskeletal 
disorders. Millions of kilograms of ibuprofen are produced and 
consumed annually by humans13; thus, the application of MSN to 
ibuprofen delivery is crucial and ever-continuing research14.  We 
found that, apart from surface silanol groups, the strength of the 
Brönsted acidity also gave different interactions with ibuprofen 
which significantly affected its adsorption and release behavior. A 
cytotoxicity study of a selected sample was also conducted to show 
its potential in drug delivery system.  
 
 
2. Experimental 
 
2.1 Synthesis of MSN and Al-MSN 

 
Mesoporous silica nanoparticle (MSN) was prepared by 

sol-gel method. 3.2 mmol of cetyltrimethylammonium bromide 
(CTAB, Merck Malaysia) surfactant was dissolved in 0.1 mol of 
distilled water, 0.2 mol of ethylene glycol (EG, Merck, Malaysia) as 
co-solvent, and 0.2 mol of 25% ammonia solution (NH4OH, QRec 
Malaysia). After vigorous stirring for about 30 min with heating at 
303 K, 1.2 mmol of tetraethyl orthosilicate (TEOS, MerckMalaysia) 
was added to the mixture to give a clear micelle solution. This white 
solution then stirred for another 2 h at 353 K and left aged for 24 
hours. The precipitates of MSN were collected by centrifugation 
with 20000 rpm for 10 min. The synthesized MSN was dried at 383 
K and calcined at 823 K for 3 h to remove the surfactant. The 
material was denoted as MSN.  

Al (1%, 5%, and 10% w/w) was loaded onto the MSN by  
the  wet  impregnation method. Aluminum nitrate (Al(NO3)3, QReC, 
Malaysia) solution was impregnated on MSN at 333 K, and was then 
dried in an oven at 383 K overnight before calcination in air at 823 K 
for 3 h. The aluminum-grafted MSN was denoted as MSN-Al1, 
MSN-Al5, and MSN-Al10 for 1%, 5%, and 10% Al loaded, 
respectively. 
 
2.2 Characterization 
 

The crystallinity of the catalysts was measured with a 
Bruker Advance D8 X-ray powder diffractometer (XRD) with Cu 
Kα (λ = 1.5418 Ǻ) radiation as the diffracted monochromatic beam 
at 40 kV and 40 mA. 29Si MAS NMR spectra were recorded on a 
Bruker Advance 400 MHz 9.4 T spectrometer at frequency of 104.2 
MHz and 79.4 MHz, respectively. Nitrogen physisorption analysis 
was conducted with Brunnauer–Emmett–Teller (BET) method using 
a Micromeritics ASAP 2010 instrument.  Fourier Transform-Infrared 
(Agilent Cary 640) was performed using the KBr method with a scan 
range of 400 to 4000 cm−1. Before the measurement, the sample was 
evacuated at 573 K for 3 h. FT-IR spectra were  recorded  on  a  

transmission  spectrometer  in  which  the  sample  was  prepared  as  
a  self-supporting  wafer  and  activated  under vacuum  at  673  K  
for  3  h  in  accordance  with  the  previous  report14,16-17. The  
adsorption  of  pyridine  (2 Torr)  was  carried  out  at  423  K  for 
120 30  min,  followed  by  outgassing  at  423,  523  and  623  K  for  
30  min18. 
 
2.3  Ibuprofen loading and release measurements 

 
Powdered mesoporous samples were loaded with 

ibuprofen by soaking them in an ethanol solution of ibuprofen, 
followed by continuous stirring for 24 h at 310 K. A 1:1 (by weight) 
ratio of ibuprofen to solid sample was used. In practice, 150 mg of 
ibuprofen was dissolved in 5 mL of ethanol and 150 mg of dried 
mesoporous silica were added into this solution. Ibuprofen-loaded 
samples were recovered by filtration, washed with ethanol and dried 
for 24 h at 313 K. During the process, aliquots of 2 mL were 
withdrawn at pre-determined time intervals and centrifuged in a 
Hettich Zentrifugen Micro 120 before being analyzed by a UV-Vis 
spectrophotometer (Agilent Technologies) to determine the residual 
concentration of ibuprofen. Each set of experiments was performed 
three times. The adsorption band of ibuprofen was taken at a 
maximum wavelength (λmax) of 264 nm19. 

The ibuprofen release profile was obtained by adding 0.2 g 
of the drug-impregnated powders to a 200 mL round-bottom flask 
containing 100 mL of simulated body fluid (SBF) at 310 K under 
continuous stirring. The drug concentration in the release fluid at 
different release time points was determined using the UV-Vis 
spectrophotometer. In each case, 3 mL of the release fluid were 
taken out for analysis of the drug concentration, and then 3 mL of 
fresh SBF were added to the release system. 
 
2.4 Cell culture 
 

Human hepatic cells (WRL-68) obtained from American 
Tissue Culture Collection (ATCC) were cultured under standard 
conditions in a humidified 37°C tissue culture incubator supplied 
with 5% CO2 atmosphere, in Dulbecco’s Modified Eagle’s Essential 
Medium (DMEM)(Gibco-Invitrogen). The complete medium was 
supplemented with 1% (v/v) penicillin/streptomycin (10,000 
units/mL each), 2% (v/v) L-glutamine (2 mM) and 10% (v/v) fetal 
bovine serum (FBS). The WRL-68 cells were harvested using 
trypsin (TrypLE, Gibco-Invitrogen) and seeded at 2x104 cells/mL in 
sterile 96-well plates prior to cytotoxic assay. 
 
2.5 Proliferation test/MTT Assay-Cytotoxic test  
 

Cytotoxic effects of MSN and Al-MSNs were tested on 
WRL-68 cells and determined by measuring the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye 
metabolism. All the samples were dissolved in ethanol with serial 
dilution. Briefly, 2.0×104 cells were treated in triplicates with each 
type of samples. A total 10 μL MTT reagent (5.0 mg/ml) were added 
and cells incubated 4 hour in the dark at 37°C. Isopropanol buffer 
were added to dissolve purple formazan precipitates and a microtiter 
plate reader (Research Instruments) was used to detect 
absorbance/reference at 570/650 nm. 
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3. Results and discussion 
 
3.1 XRD analysis 
 
Fig. 1 shows the XRD patterns of parent MSN and Al loaded MSNs 
with 1, 5, and 10 wt% Al. The small-angle XRD patterns exhibit a 
strong diffraction peak corresponding to (100) reflection and two 
smaller peaks assigned to (110) and (200) Bragg reflections. The 
diffraction of the samples occurred at 2θ = 2.2°, 3.9° and 4.5°, 
indicating well-ordered hexagonal arrays of mesopores20.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 1. X-ray diffraction pattern of bare MSN and Al-MSNs 

 
 
 

The characteristic hexagonal features of the parent MSN 
were maintained in all Al-MSN samples; however, there was a slight 
attenuation of peak intensity that was most likely due to a reduction 
in the X-ray scattering contrast between the MSN silica and the Al 
loaded MSN21. The Al loading onto the MSN decreased the peaks 
intensity, signifying the less ordered arrangement of the MSN 
framework.  
 
3.2 N2 physisorption analysis 
 

Fig. S1 shows the nitrogen adsorption–desorption 
isotherms of bare MSN and the Al- MSNs. The surface area of the 
MSN was 1107 m2/g, but the Al loading reduced the surface area to 
916.8 m2/g, 824.5 m2/g, and 722.3 m2/g for 1Al-MSN, 5Al-MSN, 
and 10Al-MSN, respectively. It could be observed that all Al-MSN 
samples demonstrated a typical type IV isotherm with a remarkable 
decrease in nitrogen adsorption when compared to the parent MSN, 
suggesting cross-linking from calcination after the introduction of Al 
reduced the surface area22. The porosity of the samples was studied 
according to the pore size distributions depicted in the inset figures. 
All samples showed bimodal pore size distribution consisting of a 
primary pore at 3.65 nm and a secondary pore at 4.57 nm. The TEM 
images demonstrated in Fig.S2 show that the MSN and 10Al-MSN 
have almost similar particle sizes ranging from 60 to 80 nm. 
 
 

3.3 NMR analysis 
 

Solid  state  NMR  has  been  widely  used  in  elucidating  
the structure  of mesoporous silica and zeolites, particularly for 
determination of coordination environment of 29Si and 27Al. Fig. 2A 

shows the Gaussian curve-fitting of 29Si NMR spectra for 1Al-MSN 
and 10Al-MSN. Both samples consist of well resolved line at -102 to 
-112 ppm, which attributed to the formation of Q3 and Q4 species, 
and also a low intensity line in the range of -93 to -94 ppm, 
indicating the presence of Si in Q2 environments23. It could be 
observed that the amount of Q4 unit decreases by increasing Al 
loading in order to form more Q3 and Q2 species, indicating the 
possible isomorphous substitution of Al in the MSN framework.  

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2. (A) 29Si NMR (B) 27Al NMR of (a) 1-Al-MSN (b) 10-Al-
MSN 

 
 
The 27Al NMR spectrum of 1Al-MSN and 10Al-MSN is 

depicted in Fig. 2B. The spectra show Al in two different 
coordination states at approximately 0 and 55 ppm, corresponding to 
octahedral (extra-framework Al) and tetrahedral Al coordination, 
respectively. It was observed from the 1Al-MSN spectrum that Al 
was incorporated mainly in tetrahedral coordination in the 
framework of MSN (Fig. 3B/a). However, the intensity of tetrahedral 
Al decreased when 10 wt% Al was loaded, in accordance with the 
emergence of octahedral Al. 

The result suggests that when the Al content increases, it is 
deposited in the inner surface of the pores on the primary AlO4 units 
leading to the formation of AlxOy, where the environment of the Al 
is octahedral24. The presence of extra-framework Al in this sample is 
also may be due to the existence of some Al sites that are loaded 
outside of the structure and complete their coordination with water 
molecules or OH groups25. Relative to this observation, the existence 
of limiting factor for Al incorporation into MCM-41 framework is 
confirmed; due to the maximum amount of incorporated Al is 
limited by the number of available and accessible silanol groups26. 
 
 
 
 

Page 3 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE  RSC Advances 

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

3.4 FT-IR analysis 
 

 Fig. S3A illustrates the FT-IR spectra of all samples in the 
range of 2000–400 cm-1. All Al-MSN samples exhibited bands 
attributed to water molecules retained by siliceous materials (1623 
cm-1), Si–O–(Al) vibrations in tetrahedral or alumino-oxygen bridges 
(1257 cm-1), Si-O-Si asymmetric stretching (1064 and 1091 cm-1), 
external Si-OH groups (933 cm-1), Si-O-Si symmetric stretching 
(782 cm-1), and Si-O-Si bending (466 cm-1)3,27. These results indicate 
the MSNs retained their siliceous structure despite the Al loading, 
demonstrating that no major changes occurred in the mesoporous 
framework. It is notable that the relative bands for MSN at 1623 cm-

1, 933 cm-1, 782 cm-1 and 466 cm-1, were reduced by Al loading, 
which may be due to the formation of the aluminosilicate (Si-O-Al) 
in the framework.  

Next, the MSNs were evacuated at 673 K for 1 h prior to 
FTIR measurement to remove physisorbed water and the results are 
shown in Fig. S3B. A sharp band was seen at 3737 cm-1 that was 
assigned to terminal silanol groups located on the external surface of 
the silica framework28. This band decreased markedly upon the Al 
loading, confirming the loading of Al on the surface of Si-OH 
groups to form acidic Si-(OH)-Al29.  

This result supported the XRD data that demonstrated 
preservation of the uniform hexagonal framework of the MSN even 
after loading of Al up to 10 wt%. In addition, a broad and weak band 
was also detected at 3655 cm-1 (inset figure in Fig. S3B), possibly 
associated with overlapping bands of weak acidic H-bonded vicinal 
silanol groups and Al–OH groups in extra-framework Al species30. 
These observations verified that incorporation of Al into the MSN 
framework is possible with the post-synthesis incorporation of Al, 
since it is introduced into the silica surface via a condensation 
process of the oxo-hydroxo species of Al with silicon species such as 
Si-(OH) terminal groups24. 

The FTIR study was extended to observe the acidic 
character of all samples using pyridine pre-adsorbed FTIR 
spectroscopy and the results are shown in Fig. 3A. The bands at 
1545 cm−1 and 1639 cm−1 were assigned to C–N stretching of 
pyridinium ions (C5H5NH+) bound to Brønsted acid sites on the Al-
MSN surface, while the bands at 1446 cm−1 and 1620 cm-1 were 
assigned to the vibration of physically adsorbed pyridine bound to 
Lewis acid sites. The band at 1596 cm-1 was assigned to H-bonded 
pyridine while the band at 1490 cm-1 was assigned to pyridine 
associated with both Brönsted and Lewis acids.  

On purely siliceous MSN, pyridine forms hydrogen-
bonded complexes with surface silanol groups, which are thus 
detected as Lewis acid sites31. In the case of Al-loaded MSN, 
increasing the amount of Al reduced the Lewis acid sites. Two main 
types of Lewis acid sites with were detected, moderate and strong, 
which is probably due to differences in the coordination number of 
surface Al atoms (tetrahedral and octahedral, respectively) as a result 
of complex dehydroxylation processes involving the formation of 
Al–OH surface species and/or elimination of water molecules from 
the coordination sphere of Al3+ sites32. 

Three signals at 1545 cm-1 and 1639 cm-1 were intensified 
with the addition of Al, suggesting the generation of Brönsted acid 
sites (Si-OH-Al) in the Al-MSNs33-34.For Al loaded MSN, the acidic 

sites generated by alumination could be the result of by either extra-
framework Al species, such as AlO5 and AlO6, or defect sites such as 
AlO3, or both35. A similar result was also reported for the 
incorporation of Al onto SBA-15, in which the Brönsted acid was 
generated in the aluminosilicate samples31. The formation of 
Brönsted and Lewis acid sites and their correspondence to the 
amount of Al grafted on the surface of the MSN is illustrated in Fig. 
3B. As the Al content increased, a decrease in the number of Lewis 
acid sites was observed, since the increase in Al loading lowered the 
d-spacing, surface area, and pore volume and, consequently, reduced 
the number of acid sites accessible to the pyridine. This suggests that 
only a portion of the Al3+ was incorporated into the silica framework 
while the rest was likely present as extra-framework Al-rich 
species36.  

 
 
Fig. 3. (A) FT-IR preadsorbed pyridine spectra of (a) MSN; (b) 1Al-
MSN; (c) 5-Al-MSN; (d) 10-Al-MSN outgassed in 423 K. (B) 
Relationship of Lewis acid sites and Brönsted acid sites with Al 
loading 

 
 
Moreover, the amount of extra-framework Al increased, as 

indicated by NMR data; therefore, this also contributed to the 
reduced number of acid sites25. Simultaneously, the increase in 
Brönsted acid sites shows the increasing number of Si-OH-Al sites, 
which could also be expected to enhance the drug adsorption. 
 
3.5 Adsorption of ibuprofen 
 

The performance of all Al-MSNs with respect to ibuprofen 
adsorption was investigated and compared with the parent MSN 
(Fig. 4A). For the first 10 h, MSN demonstrated almost complete 
adsorption of ibuprofen, but the addition of Al onto the MSN 
reduced the adsorption capacity. Comparing all the Al-MSNs, 10Al-
MSN displayed the highest adsorption (79%), followed by 5Al-MSN 
(58%) and 1Al-MSN (35%).  

 
 

 

Page 4 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2012  J. Name., 2012, 00, 1‐3 | 5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (A) Ibuprofen adsorption for all samples. (B) Relationship 
of silanol group and Brönsted acid distribution with Al loading 

 
 

Previously, we reported that the driving force for the 
inclusion of ibuprofen inside the channels was the hydrogen bond 
interactions between the carboxyl groups of ibuprofen and the 
silanol groups on the surface of the MSN8. In contrast, herein the 
higher the Al loading, the higher the adsorptivity of the Al-MSNs 
toward ibuprofen. Despite the increasing pattern of adsorption with 
the Al loading percentage, the addition of 1% Al lead to a large 
difference of adsorption as compared to the bare MSN. This 
phenomenon was resulted from the formation of large amount of 
Lewis acid sites after the Al loading, which consists of the 
negatively charged AlO4- that resisted the ibuprofen adsorption. In 
accordance, the increase of Al loading gradually increases the 
Bronsted acid sites, Si-(OH)-Al which steadily enhances the 
ibuprofen loading. 

In fact, from the NMR and FTIR results, the increasing Al 
content resulted in more isomorphous substitution occurring in the 
MSN framework, which simultaneously reduced the number of 
silanol groups. Thus, it could be the case that other factors in 
addition to silanol groups may play important roles in controlling the 
adsorption.  

Fig. 4B shows the relationship between silanol groups and 
Brönsted acidity in terms of the Al content loaded onto the MSN. 
The numbers of silanol groups and Brönsted acid sites were 
determined from the absorbance of evacuated FTIR and pyridine 
pre-adsorbed FTIR data, respectively. The major contribution of 
silanol groups was revealed for the adsorption of ibuprofen onto 
parent MSN. However, the number of Brönsted acid sites increased 
proportionally with the increasing Al content onto the MSN, 
verifying the important role of Brönsted acidity in the adsorption of 
ibuprofen using Al-MSNs. Such organic molecules are supposed to 
have a strong tendency to be coordinated with Brönsted in 
preference to Lewis acid sites, which led to the higher adsorptivity. 
A similar observation was reported for the adsorption of organic 
compounds onto aluminosilica monoliths37. In addition, the 
evacuated FTIR data clarified that the location of the Brönsted acid 
sites was on the outer surface of the MSN framework, which 
considerably facilitated their accessibility to ibuprofen36.  

The strength of the interaction between drugs and the silica 
surface is always variable and dependent on the adsorption active 
sites. It is well known that, at neutral pH, most of the ibuprofen was 
ionized and less was retained in the stationary phase13. In the case of 
acidic drugs that possess carboxylic groups (‒COOH) such as 
ibuprofen, the interaction with silanol groups on MSN was 
postulated to occur by two different pathways as shown in Fig. 6A. 
The first pathway is through hydrogen bonding of silanol groups 
with the hydroxyl groups of ibuprofen (Fig. 5A/a)8,38, and the second 
is by way of ligand-exchange adsorption (Fig. 5A/b)38.  
 
 

Fig. 5. Proposed mechanism of adsorption of ibuprofen on MSN and 
Al-MSN surface 

 
 

Generally, the first pathway is favored to occur due to the 
lower demand of activation energy. Thus, both mechanisms may 
explain the higher adsorption capacity achieved by the parent MSN 
compared to the Al-MSNs. Based on the second mechanism, the 
proposed adsorption pathway when Al-MSNs are used is shown in 
Fig. 5A, in which the anionic carboxyl groups of ibuprofen were 
attracted to the Brönsted acid sites of Si–(OH)+–Al through an 
electrostatic interaction. A similar reaction pathway was reported for 
the interaction of methanol molecules with Brönsted acid sites, 
which occurred through the elimination of H2O and bonding of CH3 
to the center O of Si-O-Al39. The results also suggest that the 
adsorption is not completely reversible. This phenomenon originates 
from the strong interactions between drugs and the silanol surface, as 
well as Brönsted acid sites, thus corresponding to irreversibly 
adsorbed drugs. 
 
3.6 Release of ibuprofen 

 
The dissolution tests from all ibuprofen-loaded MSNs 

were conducted in simulated body fluid dissolution medium at pH 7, 
and the results are presented in Fig. 6A. MSN showed the fastest and 
almost complete ibuprofen dissolution, despite its larger content of 
ibuprofen as compared to the three Al-MSNs. In contrast with the 
adsorption rate, the dissolution rate of ibuprofen was inversely 
proportional to the Al content loaded onto the MSN  
 

Time [h]                            Al content 
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Fig. 6. (A) Ibuprofen release from all samples at 310 K and 
dissolution medium of pH 7.25. (B) Release rate constant of the 
Higuchi model (kH) versus the number of Al content 

 
 

The highest ibuprofen release percentage was achieved 
when using 1Al-MSN (~100%), followed by 5Al-MSN (86%) and 
10Al-MSN (69%) after 15, 25, and 35 h of release time, 
respectively. The release of only 69% ibuprofen from 10Al-MSN 
suggested probable retention of ibuprofen due to the very strong 
interaction between the large amount of Si-(OH)-Al surface with the 
ibuprofen molecules.  

According to the ibuprofen adsorption and release data, the 
Al content in the zeolite has a critical role in determining the drug 
loading and release profiles. Ibuprofen loading increased with 
increasing Al content for 1Al-MSN, 5Al-MSN, and 10Al-MSN, 
respectively. Different release behaviors also indicated that Al has an 
integral role in governing the interactions between Al-MSNs and 
ibuprofen. Due to the highest amount of silanol groups, the 
adsorption of ibuprofen onto MSN mostly occurs due to ibuprofen-
silanol group interactions, which were clarified in a previous report 
8,40. However, as the Al loading increased, the number of silanol 
groups decreased even as, in contrast, the adsorption of ibuprofen 
increased. Apart from the MSN, the continuous loading of Al onto 
MSN resulted in the formation of Brönsted acid sites, which 
paralleled with the increase in ibuprofen adsorption. Thus, for all Al-
MSN series, it is believed that the ibuprofen adsorption occurred 
through Si-(OH)-Al sites. 

Based on the discussion in the previous section, it could be 
observed that the ibuprofen interacted with MSN and Al-MSN in 
different ways (Fig 5). Based on the release pattern, MSN exhibited 
faster ibuprofen release compared to all Al-MSNs. It is speculated 
that this phenomenon is also due to the difference in OH group 
strength between Si-OH in MSN and Si-(OH)-Al in Al-MSN. The 
acidity of OH groups can be characterized in terms of the 
dissociation constant, pKa, which has a value of 7.0 for the (A1-OH-
Si) group and 9.5 for the Si-OH group41. This explains the 
retardation of ibuprofen release from Al-MSN, due to the stronger 
ibuprofen-Al-MSN interaction compared to the ibuprofen from 
MSN.A similar trend was observed in the case of ibuprofen 

interactions with zeolites with different silica to alumina ratios2. It 
was also reported that the ibuprofen was strongly coordinated to 
extra-framework Al (EFAL) resulting in reduced drug release. 
Zeolites with the highest Al content may interact with the ibuprofen 
species by hydrogen bonding of the carbonyl oxygen atoms with the 
zeolite’s hydroxyl groups as well as through coordination between 
the drug molecules and Al atoms, specifically the extra-framework 
Al. In a different report, 5-Fluororacil (5-FU) loaded on HY zeolites 
showed that HY with the greatest Al content exhibited less favorable 
release of 5-FU. In addition, previous literature has shown that 5-FU 
forms complexes with Al, such as binding of the 5-FU drug 
molecule through its –C=O and –N–H moieties with the Al3+ 
species42. As a consequence, Al-MSNs with the highest Al content 
may result in the formation of very strongly bound complexes in 
drug-loaded zeolite, thus limiting the release of the drug from the Al-
MSN. 

In order to investigate the mechanism of ibuprofen release 
from all Al-MSNs, the correlation of the kinetic curves was 
described by the Higuchi model, which is the first example of a 
mathematical model aimed at describing drug release from a matrix 
system (Fig. 8B). This model assumes that the systems are neither 
surface coated nor do their matrices undergo significant alteration in 
the presence of moisture43. According to this model, the release of 
species from pore voids is dependent on the square root of the length 
of time when delivery is based on a Fickian diffusion process. Pure 
diffusion is the rate-controlling release mechanism. Thus, the 
amount of ibuprofen released, Qt per unit of exposed area at any time 
t can be described by the simple equation; 
 

                                                                                      (1) 

 
where   is the release rate constant for the Higuchi model, which 

was obtained from the slope of the straight lines. This model fit well 
with the data on ibuprofen release, with correlation coefficients (R2) 
of 0.9956, 0.9962, 0.9977, and 0.9985 for MSN, 1Al-MSN, 5Al-
MSN and 10Al-MSN, respectively. The good linear fitting is 
indicative that release of the drug from the pores of the solids is 
basically a diffusive process44. 
 The initial burst of drug release was observed on all 
samples, which is explained by drug elution from the MSN surface. 
This was due to the high drug concentration gradient in the bulk 
solution – drug interface that can be attributed to loosely bound drug 
molecules on the outer silica walls45. The plot of the calculated  

constants versus the Al content of the samples shows that the 
Higuchi constant increases as the acidic host-drug interaction 
becomes stronger, resulting in longer and slower release. 
 
3.7 Cytotoxicity test 

 
Nanoparticles are easily internalized into cells and some 

nanoparticles have even been shown to cross the blood brain barrier 
where they alter biological processes and cause toxicity46-48. Cell 
viability was determined by the MTT assay (activity of the 
mitochondrial respiratory chain). The MTT assay is based on the 
capability of viable cells to reduce the MTT tetrazolium salt (2-(4,5-
dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide) to      
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Fig. 7. (A) Ibuprofen; (B) 10Al-MSN; (C) IBU-10Al-MSN MTT viability assay; the solubilisation of insoluble purple-colored formazan 
MTT with Isopropanol-HCl buffer; (D) Cell viability of WRL-68 cells exposed to different concentrations of IBU, 10Al-MSN, and IBU-
10Al-MSN 

 
 
produce insoluble purple-colored formazan, which has to be 
dissolved subsequently in organic solvent for spectrophotometric 
dosage measurement49.In this study, the cytotoxicity of ibuprofen 
(IBU), 10Al-MSN, and ibuprofen-loaded 10Al-MSN (IBU-10Al-
MSN) against the living cells was evaluated (Fig. 7A-C). The 
toxicity was determined through quantification of the proliferative 
capacity of adherent WRL-68 cells after 72 h of exposure tested with 
increasing concentrations of nanoparticles ranging from 0 mg/mL – 
8 mg/mL. 
 WRL-68 cells treated with different concentrations of 
sample showed significant differences from 10Al-MSN and IBU 
treated cells. The MSN-carrier suspension did not show fatal doses 
at IC50 compared to the IBU-treated suspension, which had an IC50 
of 1 mg/mL and showed declining cell viability (48.83% – 2.88%) 
directly proportional to the increasing concentration of IBU (1 
mg/mL – 8 mg/mL) (Fig. 9D). In spite of this, the toxicity of the 
IBU suspension tested was significantly decreased when mixed with 
the 10Al-MSN. It was observed that the cell viability remained 
above 60% even at the maximum concentration tested at 8 mg/mL of 
10Al-MSN and IBU-10Al-MSN. In fact, according to Fig 4A, the 
ibuprofen contained in the 8 mg/mL 10Al-MSN was 6.32 mg. Thus, 

it is noteworthy that the IBU suspension was observed to cause high 
toxicity to the WRL-68 cells without being loaded in 10Al-MSN. 
Hence, the ibuprofen-loaded 10Al-MSN had showed lower toxicity, 
proving its ability to hold and slowly release the ibuprofen and 
reduces the risk of ibuprofen overdose toxicity. 
 
 
4. Conclusion 
 

The modification of the MSN by post-synthesis 
alumination had a significant effect on the adsorption and release of 
ibuprofen. Maximum ibuprofen adsorption was observed for the 
MSN, while the addition of Al resulted in reduction in its adsorption 
capacity to 35%, 58%, and 79% for 1Al-MSN, 5Al-MSN and 10Al-
MSN, respectively. Due to the greater number of silanol groups in 
MSN, adsorption of ibuprofen mostly occurs due to the interaction 
between ibuprofen and silanol groups, as clarified in previous report. 
However, as the Al loading increased, the number of silanol groups 
decreased; yet, in contrast, adsorption of ibuprofen increased with 
increased Al loading. The increase in Brönsted acidity with Al 
loading provides more adsorption sites and this resulted to the higher 
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activity. Regardless of possessing the highest adsorption capacity, 
MSN showed the fastest and greatest release in 10 h (~100%), 
followed, in order, by 1Al-MSN, 5Al-MSN and 10Al-MSN. 
Increasing the Al loading into the mesopore structure generated an 
increase in acid sites but simultaneously decreased the well-defined 
hexagonal order and caused significant contraction of the pore 
diameter, which could retard ibuprofen release. It is also speculated 
that this phenomena is due to the difference in the strength of the OH 
group between the Si-OH in MSN and the Si-(OH)-Al in Al-MSN. 
From the cytotoxicity study, the ibuprofen suspension was observed 
to cause high toxicity to WRL-68 cells without being loaded in 
10Al-MSN. The ibuprofen-loaded 10Al-MSN significantly reduced 
the toxicity, proving its ability to hold and slowly release the 
ibuprofen and minimize the risk of drug overdose. 
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