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The development of mesoporous silica nanoparticle-based platforms for a controlled drug delivery was
studied. Mesoporous silica nanoparticles (MSN) was synthesized and modified with 3-aminopropyltri-
ethoxysilane (APTES) using co-condensation (MSNco) and post-grafting (MSNpost) methods. X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM) data confirmed the formation of ordered
mesostructured silica nanoparticles. The performance of MSNs was then tested on an ibuprofen immobi-
lization and release. The results revealed that unmodified MSN demonstrated the best immobilization
rate and capacity of ibuprofen (98%), MSNpost exhibited higher ibuprofen adsorption (78%) as compared
to MSNco (71%), suggesting the modification method is not the dominant factor for the adsorption stud-
ied. In fact, according to the FT-IR results, the silanol groups density was found to be the contributing fac-
tor that affected the adsorption. The in vitro drug release was also investigated with simulated biological
fluids. In 20 h, MSNco showed the fastest release of ibuprofen (100%), followed by MSN (50%) and MSNpost

(38%). Both pore size and amine groups influenced the rate of the release process. From the results, MSN
and MSNpost is suggested to have suitable features for slow drug release which provides constant release
over a defined period to avoid repeated administration. While MSNco could be best employed as a fast
release system that provides initial burst of drug release to achieve rapid and maximum relief.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Fortified by the exciting discovery of new kinds of molecular
sieves called MS–41 in the early 1990s, exploration on the synthe-
sis of mesoporous silica (MS) materials has received growing atten-
tion and advanced rapidly [1–2]. Great endeavors have been made
in the tailoring of particle size, pore diameter, morphology, struc-
ture, surface properties and functionalization of MS in order to im-
prove their applications in the fields of catalysis, adsorption, and
drug delivery [3–6]. As one of the most promising applications in
human health care, controlled drug-delivery systems represent
an ever-evolving field for biomedical materials science. In recent
years, mesoporous silica nanoparticles (MSNs) have been well
developed as effective drug storage vehicles in drug delivery sys-
tems [7–8] due to their large pore volume (�1 cm3/g), high surface
area (> 1000 m2/g) [9], ease of functionalization [10], low toxicity
and biodegradability [11]. However, one of the main and specific
problems of drug delivery system using mesoporous materials is
the pore sizes which could not encounter all types of desired drugs
which consist of bulky and different features. For this application,
the morphology control of MSNs,especially their particle size, dis-
persivity and pore size are important issues because particles or
aggregates with sizes above 300 nm may lead to thrombosis [12]
while the pore diameter determines the dimensions of drug
molecules which can be loaded in them. In this sense, the synthesis
of controllable mesoporous material by an efficient method is a
crucial and imperative task.

It is supposed that the drug uptake rate could be modulated by
modifying the interaction between the confined molecule and the
mesoporous silica medium. This objective could be achieved by
functionalization of the pore wall, such as by amine group,
carboxylic group, and thiol group. Generally, surface functionaliza-
tion of mesoporous silica materials via covalent bonding of organic
groups can be achieved by two methods: post-grafting synthesis
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and co-condensation [13]. The resulting functionalized mesopor-
ous materials may help to deliver drugs efficiently and thus, min-
imize the drugs possible adverse effects [14]. The presence of pores
of uniform size lined with silanol groups considers these materials
potential interest as host of a variety of guest chemical species,
such as amino groups [15].

Amine functionalized mesoporous silica materials have been
prepared by several groups for evaluation as a drug delivery med-
ium. Wang et al. reported that amine functionalized samples
exhibited higher adsorption capacity for ibuprofen [16]. They also
found that the uptake and release of drugs were depended on the
type of functional groups in the materials, or the degree of their
interaction with drug molecules. Datt et al. reported that the in-
crease in adsorption capacity of aspirin on the amine functional-
ized MCM-41 materials was attributed to the favorable amine
group and aspirin interaction, while co-condensation method
was found to engross more drug molecules as compared to post-
grafting method [17]. Furthermore, Hoffmann testified that co-
condensation method was more accessible and less likely to cause
pore blocking relative to comparable samples prepared by the
post-synthesis modification [18].

Current efforts in the area of drug delivery also take account of
sustained release formulations. Moreover, one of the main targets
of current delivery systems in the pharmaceutical industry is to
provide a sustained release over time of the active agent in order
to maintain its concentration within therapeutic values and below
the diligence toxicity threshold [19]. However, a fast release sys-
tem can also provide an initial burst of drug release. This type of
system is used primarily when maximum relief needs to be
achieved quickly [20]. On the other hand, a slow release system
provides constant rate of release over a defined period of time to
avoid repeated administration. Generally, most of the previous
studies reported that physical properties changes of the MSN by
such amine modification, particularly in the enlargement of pore
size has enhanced the adsorption capacity of the drugs [16–
18,21]. The release rate is commonly controlled by the interaction
between the functional group of the drugs and the introduced
amines on the silica surface [22]. The report relating the chemical
properties of the MSN on the effective adsorption of drug is still
rare. Recently, we found that aside from the role of functionaliza-
tion, silanol groups were also as a dominating factor that associ-
ated to the adsorptivity of the drug. Therefore, to clarify this
matter, we modified the MSN with 3-aminopropyltriethoxy-silane
via co-condensation and post-grafting methods, and compared
their nature with the unmodified MSN. The physicochemical prop-
erties of the MSNs were characterized using X-ray powder diffrac-
tometry (XRD), transmission electron microscopy (TEM), nitrogen
physisorption, field emission scanning electron microscopy (FE-
SEM), and fourier transform infrared spectroscopy (FT-IR). The
performance of the three MSNs were then examined on the immo-
bilization and release of ibuprofen, which is commonly used as an
analgesic and anti-inflammatory drug. The influence of the
physicochemical properties of the MSNs towards the model drug
delivery system were discussed in detail.
2. Experimental

2.1. Materials

Cetyltrimethylammonium bromide (CTAB), ethylene glycol
(EG), tetraethylortho-silicate (TEOS), and 3-aminopropyl triethox-
ysilane (APTES) were purchased from Merck Sdn Bhd, Malaysia.
Ammonium hydroxide (NH4OH) was obtained from QRec, Malay-
sia. All the chemicals were used as received without further
treatment.
2.2. Synthesis of mesoporous silica nanoparticles (MSN)

MSN were prepared according to the procedure reported in the
literature [23–26]. The synthesis procedure was as follows. CTAB,
EG, and NH4OH were dissolved in 700 mL of water with the follow-
ing molar composition, respectively: 0.0032:0.2:0.2:0.1. After
vigorous stirring, TEOS were added to the mixture to give a white
micelle solution. The mixture was kept under continuous stirring
for 2 h and the sample was collected by centrifugation. The ob-
tained gel was heated at 110 �C for 24 h. To remove the surfactant,
the powder was then heated at 550 �C. Complete removal of the
surfactant was checked by means of infrared spectroscopy, which
did not reveal the presence of any residual organic species.

2.3. Amine modified MSN by the co-synthesis method

APTES was added after the addition of TEOS, while the rest of
the procedure remained the same as above. This MSN sample will
be hereafter termed MSNco.

2.4. Amine functionalized MSN by the post-grafting method

The post-grafting procedure involved refluxing 1 g of calcined
MSN and APTES in toluene at 120 �C for 6 h. The resulting sample
was filtered, washed with a 1:1 mixture of dichloromethane and
diethyl ether, and dried in an oven at 100 �C. These samples will
be referred to as MSNpost.

2.5. Materials characterization

The crystallinity of the catalysts was measured with a Bruker
Advance D8 X-ray powder diffractometer with Cu Ka (k = 1.5418
Å) radiation as the diffracted monochromatic beam at 40 kV and
40 mA. TEM was carried out using a JEOL JEM-2100F micro-scope.
The samples were ultrasonically dispersed in acetone and depos-
ited on an amorphous, porous carbon grid. Nitrogen physisorption
analysis was conducted on a Quantachrome Autosorb-1 at 77 K.
The surface morphology and surface elemental analysis of the sam-
ples were performed using FESEM-EDX (JEOL JSM-6701F) with an
accelerating voltage of 15 kV. FT-IR (Perkin Elmer Spectrum GX
FTIR Spectrometer) was performed using the KBr method with a
scan range of 400–4000 cm�1. Before the measurement, the sample
was evacuated at 573 K for 3 h.

2.6. Ibuprofen loading and release measurements

Powdered mesoporous samples were loaded with ibuprofen by
soaking them into an ethanol solution of ibuprofen followed by
continuous stirring for 24 h at 310 K. A 1:1 (by weight) ratio of ibu-
profen 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 Zen-
trifugen Micro 120 before being analyzed by a UV–Vis spectropho-
tometer (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 max-
imum wavelength (kmax) of 264 nm.

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 37 �C under
continuous stirring. The drug concentration in the release fluid
for the different release time was determined using the UV–Vis
spectrophotometer. In each case, 3 mL of release fluid were taken
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out for analysis of the drug concentration, and then 3 mL of fresh
SBF were added to the release system.
MSNco

MSNpost

Fig. 2. TEM images of MSN, MSNco and MSNpost.
3. Results and discussion

3.1. Characterization

The representative XRD data of MSN, MSNco and MSNpost in the
low 2h region is shown in Fig. 1. The patterns show three well-re-
solved Bragg diffraction peaks, at 2h = 2.2�, 3.9� and 4.5� which can
be assigned to (100), (110) and (200) reflections of a hexagonal
mesoporous structure (P6mm) typical for MCM-41 type materials
[27]. TEM images of the MSNs clearly depict their hexagonal array,
with an enhanced structure for the MSNco and a less-ordered struc-
ture for MSNpost (Fig. 2). According to the XRD result, a strong de-
crease of the diffraction peak intensity corresponding to the (100)
reflection was observed for MSNpost, indicating that the long-range
ordering of the mesoporous structure decreased significantly with
the incorporation of organic groups, but the mesoporous structure
was retained after the modification. This is ascribed to the pore fill-
ing by APTES groups, which led to the other diffraction peaks (110
and 200) displaying weaker intensities in the MSNpost sample [28].

However, a significant increase in intensity was observed for
MSNco, demonstrating the enhancement of the ordering of the
oxide framework [29]. The introduction of APTES, followed by cal-
cination probably removed the intercalated organic molecules,
thereby promoting siloxane cross-linking due to the basal spacing
decrease. The APTES groups were thought to be well distributed on
the surface of MSNco compared to MSNpost because APTES groups
were distributed homogeneously on the silica wall during the co-
synthesis of the MSNco, leading to a more structured silica skeleton
upon calcination. For the MSNpost, most organosilane might only
concentrated near the opening of the channels and/or on the exter-
nal surface of the mesopores [18,30]. On the contrary, in a similar
study conducted by Datt et al., the introduction of amine group by
co-condensation and post-grafting methods to MCM-41 resulted in
a decrease in intensity for both modified samples. They reported
that this was not only attributed to the pore filling but also par-
tially due to the other factors such as incomplete hydrolysis of
the siloxane bridges during the synthesis of mesoporous silica, spe-
cifically for the co-condensation method [17].

Fig. 3 shows the nitrogen adsorption–desorption isotherms of
MSN, MSNco and MSNpost before (Fig. 3A) and after (Fig. 3B) adsorp-
tion, whereas Table 1 shows the textural parameters. The MSN
demonstrates a typical type IV isotherm with a significant up-step
Fig. 1. X-ray diffraction patterns of MSN, MSNco, and MSNpost.

Fig. 3. (A) Nitrogen adsorption–desorption isotherms of MSN, MSNco, and MSNpost,
(B) Nitrogen adsorption–desorption isotherms of MSN-ibu, MSNco-ibu, and
MSNpost- ibu.
at a relative pressure of 0.2–0.4, which is associated to the capillary
condensation of nitrogen in the channels and also as an indication
of narrow pore size distribution [22]. Although the typical adsorp-
tion steps clearly remained for MSNco, the solid showed a



Table 1
Textural properties of MSN, MSNco and MSNpost.

Sample Surface
area (m2/g)

Total pore
volume (cm3/g)

Pore size
(nm)

d100

(nm)

MSN 1107 2.14 3.13 4.05
MSNco 1136 1.73 3.38 3.98
MSNpost 992 1.30 3.53 4.09
MSN-IBU 785 1.30 2.98
MSNco-IBU 955 1.47 3.10
MSNpost-IBU 154 1.10 2.50

Fig. 5. FT-IR spectra of MSN, MSNco and MSNpost.
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remarkable decrease in nitrogen adsorption when compared to the
parent MSN, suggesting that the siloxane cross-linking occurred
from the Si that left out from the calcination of APTES groups,
which also resulted to the decreased of pore volume. The introduc-
tion of APTES by post-modification resulted to the filling of pore
voids for MSNpost. For all ibuprofen-loaded samples, a significant
decrease was also observed in N2 uptake (Fig. 3B), indicating that
ibuprofen molecules were successfully loaded into the pores of
the MSNs [31].

Table 1 indicates the distinguishable difference in surface area,
total pore volume and pore size of the MSNs. The surface area of
MSN was increased when APTES was loaded by co-condensation
(MSNco), but reduced by the post-grafting APTES functionalization
(MSNpost) from 1107 m2g�1 to 1136 m2g�1 and to 992 m2g�1,
respectively. This result is in agreement with the XRD result, con-
firming the well-ordered structure of MSNco compared to MSNpost

which had many APTES groups on its surface. The surface area
trend is also in parallel with basal spacing of (100) plane. In fact,
the reaction was comprehended by the reaction of free silanol
groups with ethoxysilanes and resulted in the attachments of ami-
nopropyl functional groups [32]. Accumulation of these functional
groups generated a considerable reduction of the surface area and
total pore volume. Ghedini et al. expected that the ordered hexag-
onal array of mesopores has been retained to a certain degree in all
modified carriers, but a decrease of the periodic order of the silica
supports has occurred upon incorporation of the APTES species
[33]. In all cases, ibuprofen loading resulted in a substantial reduc-
tion of surface area and total pore volume of the parent samples. It
is presumed that ibuprofen molecules in the solvent diffused and
drawn into the pores by capillarity, and after solvent removal,
the ibuprofen molecules remain trapped in the pore. Accordingly,
the pore size was also reduced for all samples, indicating that the
pore structures were occupied by ibuprofen molecules. Shen
et al. also reported similar observation, in which the ibuprofen
loading onto silica supports narrowed the pore size after the pore
channels were fully filled [34]. In contrast, the pore size of MSN in-
creased from 3.13 nm to 3.38 nm and 3.53 nm for MSNco and
MSNpost, respectively, confirming the pore enlargement by the
introduction of APTES to the MSN. All samples also showed reduc-
tion of the pore width after the loading of ibuprofen, in correlation
with the result of surface area and pore volume.
MSN MSNco

Fig. 4. FESEM images of MS
FESEM images (Fig. 4) demonstrated the formation of spherical
MSN materials for all samples, although some were agglomerated.
During the sol–gel synthesis, as one of the particles formed, the
addition of ethanol while washing the materials reduced the reac-
tion rate which in turn decreased the local surface curvature en-
ergy and led to the formation of curved morphologies [35].
MSNco retained the spherical morphology, with a clearer and
well-formed spherical shape. The surface void and roughness grad-
ually became lower for the MSNpost, suggesting an increase in the
density of the nanosphere [36].

FT-IR measurements were performed to identify the structural
differences between MSN, MSNco and MSNpost. Fig. 5A illustrates
the FT-IR spectra of all samples in the range of 400–4000 cm�1.
The MSNs exhibited IR peaks at the bands attributed to Si-O-Si
bending (455 cm�1), Si-O-Si symmetric stretching (805 cm�1),
external Si-OH groups (946 cm�1), Si-O-Si asymmetric stretching
(1081 cm�1), water molecules retained by siliceous materials
(1652 cm�1), and -OH stretching (3428 cm�1) [37,38]. Band at
2385 cm�1 was associated with the asymmetric stretching vibra-
tion of gas-phase CO2 that originates from ambient air absorption
in the optical path outside the FT-IR cell [39]. After modification
with APTES, the MSN still retained its siliceous structure, display-
ing no major changes had been occurred in the formation of its
framework. The relative intensity of all Si–O vibration modes for
MSNco at 455 cm�1, 805 cm�1, 946 cm�1, 1081 cm�1 and
1652 cm�1 became more intense compared to the parent MSN,
particularly at the peak range of 1130–1000 cm�1, suggesting the
existence of Si–O–Si interactions at the inner surface of the MSN.
The band at 1634 cm�1 shown for MSNpost could be attributed to
the protonated form of amine groups (–NH3

+), which were signifi-
cant due to the presence of adsorbed water or neighbouring silanol
groups [22]. The post-synthetic modification of MSN with amino
groups lead to the reaction of free silanol groups with ethoxysil-
anes and resulted in attachment of aminopropyl functional groups
[32].
MSNpost

N, MSNco and MSNpost.
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contact time.
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FT-IR with evacuation was also conducted to distinguish the sil-
anol group of calcined MSN and MSNco (Fig. 5B). The spectra
showed that APTES modification reduced the density of silanol
groups at 3737 cm�1. APTES could have promoted the cross-linking
of siloxane that resulted from the replacement of an APTES group
with the 3-hydroxyl group of Si in the MSN framework, thus
decreasing the number of terminal silanol groups significantly
(Fig. 6).

3.2. Adsorption of ibuprofen

The performance of MSN, MSNco and MSNpost was examined on
the adsorption of ibuprofen drug and the result is shown in Fig. 7.
The adsorption preceded rapidly when using unmodified MSN,
with complete adsorption being achieved after 8 h of reaction.
MSNco and MSNpost gave slightly lower adsorption percentage,
71% and 78% of maximum adsorption percentage, respectively
after 11 h of contact time. In correlation with absolute adsorption
amount, the adsorption capacity were 4.85 � 10�4, 3.44 � 10�4,
and 3.83 � 10�4 mol/g for MSN, MSNco and MSNpost, respectively
(Table 2). These results indicated that the modification of MSN
by APTES hindered the adsorption of ibuprofen. The FTIR results



Table 2
Adsorption and release capacity of ibuprofen for all samples.

Sample Adsorption capacity
(� 10�4 mol/g)

Release capacity
(10�4 mol/g)

MSN-IBU 4.85 4.53
MSNco-IBU 3.44 3.26
MSNpost-IBU 3.83 2.52

Fig. 8. Release profile of�ibuprofen onto MSN, MSNco and MSNpost as a function of
contact time.

Fig. 9. Immobilization and release profile of ibuprofen onto MSN, MSNco and
MSNpost.
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suggested that the abundant silanol groups of the parent MSN
could be a contributing factor that plays an important role in the
hydrogen bond interaction with the carboxyl groups of ibuprofen,
which led to the effective adsorption. In this study, the MSNpost

exhibited higher adsorption for ibuprofen compared to MSNco. This
result suggests that the APTES modification order is not the domi-
nant factor for determining the adsorption behavior. The pore size,
surface area, and surface functional groups of the mesoporous
materials mutually play a significant role in the adsorption
[26,40,41].

Based on the above characterization and adsorption results, a
mechanism of the modification of MSN with APTES and the inter-
action of the silanol groups of MSNs with ibuprofen is proposed
(Fig. 6). The addition of TEOS to the CTAB mixture produces a silica
framework that is then dealkylated to form a parent MSN subse-
quent to calcination. The post-loading of APTES into this calcined
MSN reduces the number of free silanol groups to create new Si–
O–Si bonds with aminopropyl functional groups to form MSNpost.
This speculation was evidenced by FTIR analysis, indicating the in-
crease in intensity for Si–O–Si bonding at band 455 cm�1,
805 cm�1, 946 cm�1, 1081 cm�1 and 1652 cm�1, and for proton-
ated amine groups (–NH3

+) at band 1634 cm�1. The decrease in
surface area and pore volume may also support this mechanism
by confirming the accumulation of APTES groups on the surface
of MSNpost. Moreover, the introduction of APTES after the addition
of TEOS followed by calcination yields the MSNco. This thought is
in agreement with the FTIR data which demonstrated a decrease
in intensity for the terminal silanol groups at 3737 cm�1 for MSNco

when compared to parent MSN. The well-ordered silica structure
shown by XRD and the increase in surface area and pore size also
support this mechanism underlying MSNco formation.

According to the proposed mechanism, the higher density of sil-
anol groups in the parent MSN explains the higher rate of ibupro-
fen adsorption compared to those of MSNco and MSNpost (Fig. 6).
The difference in the maximum adsorption percentages of MSNpost

and MSNco might be due to the strong interaction between the hy-
droxyl group of ibuprofen and the amine group of APTES compared
to that with the silanol group of MSNco. This is may be due to the
difference in electronegativity of O and N. The considerable drop in
surface area and total pore volume of the ibuprofen-loaded
MSNpost shown in Table 1 may also supported this fact. This pro-
posed mechanism verifies the important role of silanol groups in
the adsorption of ibuprofen. Similar mechanism is also discussed
in the literature relating to the possible interaction between the
surface silanol groups in the pore walls and the drug [42].

In addition, the variations in pore textural parameters including
surface area, pore size, and pore volume have also been reported to
affect the adsorption [43]. The pore size of the MSNs shown in Ta-
ble 1 (>3 nm) is large enough to acommodate ibuprofen, which has
a dimension of 1.0 � 5.0 nm2 [44]. Differences between the inner
surfaces of these different sized materials and the packing of ibu-
profen inside the channels could also explain the variations in
the drug adsorption [21]. The parent MSN showed the largest total
pore volume among the others, which may also explain its rapid
adsorption rate and the highest adsorption capacity of ibuprofen.
A slight difference of the adsorption behavior of MSNco and
MSNpost may be due to the higher pore volume and pore size of
the former and conversely highest accumulation of amine groups
on the surfaces of the latter.
3.3. Ibuprofen release

To study the performance of MSNs in a drug delivery applica-
tion, in vitro ibuprofen release using a simulated body fluid (SBF)
solution was carried out and the profile is shown in Fig. 8. Table 2
displayed the release capacity of 4.53 � 10�4 mol/g for MSN, while
3.26 � 10�4 mol/g and 2.52 � 10�4 mol/g for MSNco and MSNpost,
respectively. In fact, significant amount of ibuprofen release takes
place only when sufficient amount of solvent molecules have dif-
fused through the channels of the mesoporous material for solva-
tion of the drug [45]. The ibuprofen was released faster from
MSNco, followed by MSN and MSNpost. This may be due to the
weaker interaction between the hydroxyl group of ibuprofen and
the silanol group of MSNco. Moreover, the parent MSN with a high-
er number of silanol groups released the ibuprofen gradually until
complete release was achieved at 40 h of contact time. The larger
pore diameter of MSNco (3.10 nm) in compared to MSN (2.98 nm)
and MSNpost (2.50 nm) could also played an important role in dif-
fusing the drug molecules out of the pores. MSNpost displayed the



N.H.N. Kamarudin et al. / Microporous and Mesoporous Materials 180 (2013) 235–241 241
slowest release rate of ibuprofen with only 53% of the release per-
centage in the same contact time when using MSN and MSNco,
indicating that the stronger interaction between the the proton-
ated aminopropyl groups and carboxylated anions impeded the
process [21].

Fig. 9 summarizes the adsorption and release profiles of ibupro-
fen for the MSNs. Within 20 h, the adsorbed ibuprofen was re-
leased 50% from MSN, 100% from MSNco and 38% from MSNpost.
From a practical point of view, MSNco could be best employed in
fast release system that provides initial burst of drug release for
maximum relief that needs to be achieved quickly. Conversely,
MSN and MSNpost have the most suitable characteristics for slow
drug release which provides constant release over a defined period
to avoid repeated administration [20,46].

4. Conclusion

MSN was synthesized and modified with APTES using co-con-
densation (MSNco) and post-grafting (MSNpost) methods. The phys-
icochemical properties of the MSNs were characterized by XRD,
TEM, N2 sorption analysis, SEM, and FTIR. Both modification meth-
ods displayed different effects on the physicochemical properties
of the MSNs. XRD data confirmed the formation of mesostructured
silica nanoparticles and also revealed that the MSNs retained their
mesoporosity after modification. TEM image showed the
hexagonal mesoporous structure of MSNs, which are typical of
mesoporous materials. Mechanistic study was conducted to ex-
plain the modification path and adsorptivity of the MSN towards
ibuprofen delivery. MSN demonstrated the best immobilization
rate and capacity of ibuprofen (98%), while, MSNpost exhibited
higher ibuprofen adsorption (78%) as compared to MSNco (71%),
suggesting that the modification method is not the dominant fac-
tor for the adsorption studied. In 20 h, MSNco showed the fastest
release of ibuprofen (100%), followed by MSN (50%) and MSNpost

(38%). From FT-IR and surface area analyses, the silanol groups of
the MSNs were the contributing factor affecting the rate of adsorp-
tion and release of ibuprofen. Furthermore, the pore volume and
pore size of the MSNs also slightly influenced the adsorption and
release process. This study shows that the MSNs have great poten-
tial to be utilized as a host of ibuprofen drug delivery. The MSN and
MSNpost show suitable features for slow drug release carrier which
provides constant release over a defined period to avoid repeated
administration. On the other hand, MSNco could be best employed
as a fast release system that provides an initial burst of drug re-
lease to achieve rapid and maximum relief.
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