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ption and release study using
Santa Barbara amorphous-16 modified Al (SBA-16-
Al) for a drug delivery system

Maria Christina Prihatiningsih, *a Chaidir Pratama, d Noor Anis Kundari,a

Kartini Megasari,a Dhita Ariyanti,a Andri Saputra, b Hersandy Dayu Kusuma c

and Puji Astutia

In this study, the surface modification of Santa Barbara Amorphous-16 (SBA-16) with aluminum (SBA-16-Al)

was carried out as a rifampicin matrix for the treatment of tuberculosis. Surface modification of SBA-16 was

achieved using the direct-synthesis grafting method. Then, the adsorption and release properties of

rifampicin from the SBA-16-Al matrix have been studied in batches. In addition, the SBA-16-Al has been

characterized using Fourier-Transform Infrared Spectroscopy (FTIR), X-ray diffraction analysis (XRD),

transmission electron microscopy (TEM), and Surface Area Analysis (SAA) Brunaur, Emmett and Teller

(SAA-BET). The results show that the mesoporous material, the SBA-16-Al has a specific surface area of

843.5 m2 g−1 and 624.3 m2 g−1 for SBA-16, nanometer-sized pore diameters, and an amorphous crystal

lattice. The FTIR spectra showed the Al–O bond at 802 cm−1 which indicates the Al group has been

successfully added into SBA-16. The adsorption isotherm of rifampicin in SBA-16-Al follows the

Freundlich model which illustrates the adsorption is heterogeneous and forms a multilayer. The

adsorption of rifampicin is chemisorption which occurs non-spontaneously and is quite stable. The

release kinetics of rifampicin in the drug delivery system followed the Higuchi model with k1 0.5472 mg

0.5/hour pH 1.5 and k2 mg 0.5/hour pH 6.5.
Introduction

Tuberculosis is one of the major public health problems and
a challenge in public health issues in the world. In Indonesia,
the mortality rate due to tuberculosis was 40 per 100 000 pop-
ulation (without TBHIV) and 3.6 per 100 000 population
(including TB-HIV) in 2017. Tuberculosis prevention initially
used only the Bacillus Calmette–Guérin (BCG) vaccine.1 Then it
developed with the discovery of anti-tuberculosis drugs such as
Thiacetazone, para-aminosalicylic acid, Isoniazid (INH), Pyr-
azinamide (PZA), Cycloserine, Ethionamide, Ethambuthol, and
Rifampicin. Currently, conventional Tuberculosis drugs are
given to patients with high doses, long periods, and multiple
drug administrations (2–3 times a week for 4–7 months).2 In the
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conventional drug delivery system, the drug will be released
immediately aer consumption. High drug solubility will
accelerate the absorption of drugs in the body and immedi-
ateexcretion by the kidneys. Rapid excretion or rapid clearance
time of a drug will cause the drug to not react completely and
efficiently on the therapeutic object in the body. The durability,
biocompatibility, and strong pH-dependent solubility are also
other drawbacks of conventional drugs.3

Nanomaterial-based medicine continues to be studied to
overcome the problems of conventional medicine.4,5 Some types
of nanomaterials that are oen studied for drug delivery
applications are mesoporous silica nanomaterials. Mesoporous
silica nanomaterials are oen also called ordered mesoporous
molecular sieves.6 There are several types of mesoporous silica
nanomaterials (MSN) such as the M41S family, namely (Mobil
Composition of Matter No. 41, MCM-41), MCM-48, MCM-50,7–9

Santa Barbara Amorphous material group (SBA) at the Univer-
sity of California Santa Barbara,10 and KIT-6 (Korea Institute of
Technology nanomaterials) is an MSN developed at the Korea
Advanced Institute of Science and Technology. SBA-16 was
synthesized in acidic conditions using a triblock copolymer or
Pluronics F127 (EO106PO70EO106) as a structure-directing agent
(SDA). The SBA-16 material has a regular cubic pore structure
which is in the m3Im group.
RSC Adv., 2024, 14, 7371–7382 | 7371
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The silica-based nanomaterials have unique shapes and
morphologies that are thought to have specic advantages for
oral drug delivery systems. The Food and Drug Administration
(FDA) has granted synthetic amorph silica the generally recog-
nized as safe (GRAS) status for its use as additives in both food
and cosmetics.11–15 The ordered mesoporous silica materials
such as MCM, SBA, and KIT are silica-based nanomaterials that
have amorphous properties but have various superior proper-
ties as follows: very regular mesophase structure, uniform
distribution of pores, high surface area, and pore volume (high
surface area can reach 1000m2 g−1 and pore volume can reach 1
cm3 g−1), the chemical composition that can be engineered,
surface that can be modied, and pore size and morphology
that can be controlled or customized. Previous research has
been conducted to study the properties of the MSN nano-
structures using small-angle X-ray scattering (SAXS) and one of
the applications for radioactive drug delivery.16,17 From the SAXS
characterization study on SBA-16-Al which was carried out
previously, it was observed that the synthesized SBA-16-Al is an
MSN that has pores in the uniform mesoporous order, a three-
dimensional cubic Im3m structure, and has a high specic
surface area, up to 1000 m2 g−1. Mesoporous silica nano-
material with a high specic surface area and large pore volume
will provide a high drug-loading capacity,18,19 thus lowering the
frequency of drug administration. Colloidal silica-based treat-
ment is also viewed favorably as it is more biocompatible,
biodegradable, and stable.20,21

The Tuberculosis drug used in this study is rifampicin using
mesoporous silica nanomaterial SBA-16 as the carrier or matrix.
Rifampicin is a widely used anti-tuberculosis drug.12 For SBA-16
to adsorb rifampicin particulates chemically, it is necessary to
modify its surface. Surface modication of mesoporous silica
with specic groups to control adsorption (loading) and control
drug release has been studied by previous researchers.12,22,23

However, the active groups present in the mesoporous silica
matrix are considered not to provide optimal release perfor-
mance as most of the drug amount has been released into the
solution medium in a relatively less time.24,25

In this study, surface modication of SBA-16 was carried out
using active aluminum (Al) groups. Furthermore, the SBA-16
that has been added by the Al group is called SBA-16-Al. While
leaving the other kinetic parameters unchanged, it was discov-
ered that the doping of the silica nanomaterial framework with
aluminum reduced the amount of drug released during the
bursting stage.26 The modication can be done using the direct-
synthesis graing method.27 The introduction of active Al
groups in mesoporous silica can increase the acidity of the
material.28,29 This increase in the acidity of SBA-16 is expected to
improve the adsorption and release performance of rifampicin
in solution media. This research aims to study the character-
istics of the synthesized, SBA-16-Al and understand the
adsorption process of rifampicin in the SBA-16-Al matrix using
adsorption isotherm and thermodynamic parameters.

Aer rifampicin was loaded in the SBA-16-Al matrix, the
research continued to study the mechanism and kinetics of
rifampicin release that occurred in the drug delivery system using
several models including zero-order kinetics, rst-order kinetics,
7372 | RSC Adv., 2024, 14, 7371–7382
Higuchi model, Kitazawa model, and Hixon–Crowell model. In
this case, rifampicin loaded in the pores of SBA-16-Al was tested
for its release pattern and whether it followed the Higuchi model
which is usually appropriate for oral drug release. With the
known pattern and kinetics of drug release of rifampicin loaded
in SBA-16-Al, it can be used for the innovation of Tuberculosis
treatment.30,31 This study on oral drug release was carried out in
the digestive medium of the stomach and intestines because this
medium represents the main environment where the process of
digestion and drug absorption occurs, namely at gastric pH (pH
= 1.5) and intestinal pH (pH = 6.5).

This work investigates novel approaches to oral drug
delivery, with a focus on examining the adsorption and release
kinetics of the tuberculosis medicine rifampicin when it is put
into the mesoporous silica nanomaterial SBA-16-Al. The main
contribution of this work is the assessment of the material's
capacity to control the release of the rifampicin-loaded SBA-16-
Al as well as the degree of rifampicin uptake by mesoporous
silica nanomaterial when Al species is the active group in SBA-
16. Mesoporous silica's adaptability allows for the creation of
systems that are specically suited to the demands of oral
medication delivery. Drug release kinetics studies may increase
treatment efficacy and reduce side effects by providing a thor-
ough understanding of the drug release prole of the nano-
materials. Consequently, the creation of more complex and
effective medication compositions for the treatment of tuber-
culosis will benet greatly from this research.
Materials and methods
Chemical used

This study used the SBA-16-Al which was synthesized in Poly-
technic of Nuclear Technology, National Research and Innova-
tion Agency Indonesia, rifampicin, and hydrochloric acid
(Merck). The SBA-16-Al was synthesized using Pluronics F127
(EO106PO70EO106), poly(ethylene oxide)–poly(propylene oxide)–
poly(ethylene oxide) (Merck), silica tetraethylorthosilicate
precursor (Merck), and aluminum sulfate 18-hydrate (Merck).
Synthesis and characterization of SBA-16-Al

Pluronic F127 of as much as 4 grams was dissolved in 150 mL of
1.6 N hydrochloric acid and aluminum sulfate 18-hydrate and
tetraethylorthosilicate (Al : Si = 1 : 20) were added. The mixture
was adjusted to pH 1–2 by adding 0.1 N hydrochloric acid or 0.1 N
sodium hydroxide, stirred at 45 °C for 20 hours until a gel was
formed, and subjected to sonication. The mixture was precipi-
tated for 1 hour at 100 °C. The precipitate was washed with
ethanol and distilledwater until the pH of the ltrate was neutral,
dried in an oven for 1 hour at 120 °C, and calcined using
a furnace for 6 hours at 550 °C. The characteristics of SBA-16-Al
were studied using several instruments including functional
groups using Fourier Transform Infrared Spectroscopy (FTIR),
a morphological structure using Transmission Electron Micros-
copy (TEM), a diffraction pattern using X-ray diffraction (XRD),
and the specic surface area and pore diameter using Surface
Area Analyzer (SAA) Brunaur, Emmett and Teller (BET) method.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Rifampicin adsorption study

The feed solution was prepared by dissolving rifampicin in 0.1 N
hydrochloric acid. The concentration of the feed solution wasmade
to vary by 5–1000 ppm. SBA-16-Al as much as 50 mg was put into
50mL of feed solution and stirred using a shaker with a variation of
time (18–26 hours) and stirring temperature (298, 302, and 308 K).
The concentration of rifampicin present in the ltrate was analyzed
using a UV-vis spectrometer. In general, there is no theoretical
model to describe the adsorption isotherm of solid/liquid adsorp-
tion. Adsorption isotherm data are then generally analyzed and
modeled using the empirical Langmuir (1918) and Freundlich
(1906) models. Linearization of Langmuir and Freundlich models
as shown in eqn (1) and (2). The coefficient of relation (R2) of the
two equations that are closest to 1 is taken as the model that
represents the adsorption isotherm model.

1

qe
¼ 1

qmax

þ 1

KLqmax

1

Ce

(1)

logðqeÞ ¼ logðKFÞ þ 1

n
logðCeÞ (2)

With qe is the mass of rifampicin adsorbed per gram of the SBA-
16-Al (mg g−1), Ce is the concentration of rifampicin ions in the
solution aer adsorption (ppm), qmax is themaximum adsorption
capacity or the maximum uptake of rifampicin by SBA-16-Al (mg
g−1), kL is the affinity parameter or Langmuir constant, kF is the
Freundlich constant, and 1/n is the heterogeneity factor. The
values of kL and qmax are determined from the slope and intercept
values of the linear curve 1/Ce against 1/qe in eqn (1). The values
of kF and 1/n are determined from the slope and intercept values
of the linear curve log(Ce) against log(qe) in eqn (2).

Adsorption thermodynamic parameters such as enthalpy
(DH) and entropy (DS) were calculated from the slope and
intercept of the linear curve between 1/T against ln(qe/Ce) as in
eqn (3). Gibbs free energy (DG) was calculated using eqn (4) with
R as the gas constant (8.314 × 10−3 kJ K−1 mol−1).32

ln

�
qe

Ce

�
¼ DS

R
� DH

R

1

T
(3)

DG = DH − TDS (4)

Rifampicin release study

Rifampicin was rst loaded into SBA-16-Al using the in vitro
passive loading method. SBA-16-Al was added into 50 mL of
2000 ppm rifampicin solution. The mixture was stirred for 24
hours. The mixture was ltered and the precipitate was dried at
room temperature. The precipitate was put into 30 mL of arti-
cial gastric simulation solution without pepsin (pH 1.5) and
articial intestinal simulation (pH 6.5). The mixture was
allowed to stand according to the study variables to nd the
release time prole of rifampicin from SBA-16-Al. The mixture
was ltered and the rifampicin content in the ltrate was
analyzed using a UV-vis spectrometer. In this study, the speed of
the drug to reach its target action or drug delivery system was
© 2024 The Author(s). Published by the Royal Society of Chemistry
carried out by using the zero-order kinetics equation (eqn (5)),
rst-order kinetics (eqn (6)), Higuchi model (eqn (7)), Kitazawa
model (eqn (8)), and Hixon–Crowell model (eqn (9)).33,34

qt = q0 + k0t (5)

ln

�
qt

q0

�
¼ �k1t (6)

qt ¼ k2
ffiffi
t

p
(7)

ln
q0

ðq0 � qtÞ ¼ k3t (8)

q0
1/3 − qt

1/3 = k4t (9)

With qt being the mass of rifampicin present in solution at time
t, q0 being the mass of rifampicin present in SBA-16-Al, t being
the duration of release of rifampicin in solution, Cs and C0

being the concentrations of rifampicin in solution and in SBA-
16-Al media, and k0, k1, k2, k3, and k4 being the zero-order, rst-
order, Higuchi model, Kitazawa model, and Hixon–Crowell
model, respectively.

Cytotoxicity of the MSN to normal broblast 3T3 cells

The cytotoxicities of the SBA-16 and SBA-16-Al were determined
using theMTT assay. Themouse embryonic9 broblast 3T3-L1 cell
line (ATCC CL-173) was preincubated in a 96-well culture plate
overnight at 37 °C. Therefore, the cells were cultured in addition to
500, 250, 125, 50, 10, 5, and 1 mgmL−1 of the SBA-16 and SBA-16-Al
for 24 h. The cells cultured without any treatment were used as
a negative control. Aer the incubation, the thiazolyl blue tetra-
zolium bromide reagent (Sigma-Aldrich, Cat. No. M2128) was
added directly and the cultured cells were incubated at 37 °C for
120 min. The absorbance in each well was determined using
a microplate spectrophotometer in the wavelength range of 550–
600 nm. The cell viability was then measured as a percentage of
cell viability compared to the negative control.

The statistic

In this study, a rigorous statistical method was used to assess
the presence of signicant differences within the data set. The
primary statistical technique used was a Student's t-test,
a technique that is well-suited for comparing two groups or two
types of data. This method was chosen based on its suitability
for the study design and the nature of the data. The validity of
the study's ndings was ensured by calculating analysis results
with a signicance level (a) set at 95%, corresponding to a p-
value of 0.05. Differences were considered statistically signi-
cant if the p-value was less than a.

Result and discussion
Characterization of SBA-16-Al

Characterization of MSNs was initiated using XRD both small
angle and large angle. The results of this characterization were
used to conrm that the MSNs are nanostructured. The
RSC Adv., 2024, 14, 7371–7382 | 7373
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Fig. 2 FTIR spectrum of SBA-16-Al and SBA-16.
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nanostructured nature indicates that MSNs will be able to be
used in drug delivery systems. The results of the characteriza-
tion of SBA-16-Al using XRD in Fig. 1 show the spectral shape of
the material which has an amorphous phase of SiO2 nano-
structure by SBA-16. Fig. 1 shows that the synthesized silica
materials both SBA-16 and SBA-16-Al have diffraction peak
patterns at dominant small angles (2q range < 1°) which indi-
cates both types of nanomaterials are nanostructured, such as
uniform and relatively intense pore distribution patterns. These
nanostructured characteristics can be conrmed by character-
ization results with other instruments such as SAA-BET and
TEM.

The SBA-16 and SBA-16-Al have an amorphous phase based on
a broadened peak in 2q range of 20–30°.35 The crystalline silica is
not expected because the crystalline silica cannot dissolve in water
and is more toxic and difficult to modify. Amorphous silica is
water-soluble and biocompatible so it can improve the dissolution
process of the drug (in this case rifampicin) in the drug delivery
system.36 However, the rate of the drug dissolution process also
needs to be controlled.37 Dissolution that is too fast as in
conventional drugs can eliminate most of the therapeutic effects
of the drug. In conventional drugs, the mass transfer of drug
molecules from the solid form into the media solution (body
uids) is too fast, so the drug molecules are wasted in the body's
excretion system before reaching the target. The addition of the Al
species from the Al precursor will trigger an active group in the
SBA-16 that aims to control the course of the drug dissolution
process in the media solution.38

The FTIR spectrum showed that the active group of Al has
been graed on SBA-16 in Fig. 2. Characterization using FTIR
aims to determine whether the addition of Al species will trigger
the occurrence of active functional groups on MSN. The FTIR
spectrum displayed O–H stretching bond at 3464 cm−1 caused
by Si–OH and octahedral AlO4(OH)2, symmetric and asymmetric
stretching Si–O–Si bond at 1080 cm−1, and 802 cm−1.39–42

The nanostructure and morphology of MSN are determined
by nitrogen sorption analysis and TEM. TEM images (Fig. 4)
show that the nanoparticle has a mesopore structure, nano-size
Fig. 1 XRD pattern of SBA-16 and SBA-16-Al at small angle and wide
angle diffraction.

7374 | RSC Adv., 2024, 14, 7371–7382
particle, and amorphous phase of the silica crystal lattice. The
MSN could be aggregated between particles that are caused by
surface modication. Metal oxide (Al modication) is one factor
that contributes to the MSN SBA-16 having excess surface
energy causing agglomeration by chemical bonding.43 It occurs
by an interaction between nanomaterial or interparticle elec-
trostatic interaction 44 Besides showing the agglomeration of
MSN, the TEM image showed mesopore structure.

The pore patterns from the TEM photos show that both SBA-
16 and SBA-16-Al have pores that tend to be uniform and rela-
tively large enough to tether rifampicin molecules into them. It
can be seen that the presence of Al species does not signicantly
reduce the pore size and also does not reduce the regularity of
the pores. The mesoporous structure of MSN SBA-16-Al and
SBA-16 was conrmed by nitrogen sorption analysis in Fig. 3.
Nitrogen sorption analysis is presented that SBA 16 modied
with Al has a hysteresis loop isotherm (type IV isotherm) which
indicates the material has a mesoporous structure.45 The BET
analysis results even indicated the advantages of Al species
Fig. 3 Pore distribution and isotherm curve of nitrogen sorption at
STP for SBA-16 and SBA-16-Al (from this characterization with BET,
the specific surface area for SBA-16 = 624.3 m2 g−1 and SBA-16-Al =
843.5 m2 g−1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM image of SBA-16 (A) and SBA-16-Al (B).
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modication on SBA-16, namely an increase in the specic
surface area of the nanomaterial and a slight increase in pore
size. Surface modication of the SBA-16 using Al resulted in an
increase in specic surface area to 843.5 m2 g−1 (SBA-16-Al)
compared to the specic surface area of SBA-16 of 624.3 m2

g−1. Increasing the specic surface area and pore diameter of
MSN will have a good effect on the drug loading capacity. The
results of the BET analysis also show that the average pore
diameter increases slightly but still shows a uniform pattern.
This is a desirable property of MSN because it will have a good
effect when MSN is used as a drug delivery candidate.
The rifampicin adsorption and thermodynamic parameter
study

The experiments studying the adsorption pattern of rifampicin on
MSN and determination of the adsorption thermodynamic
parameters are intended to observe the adsorption or uptake
capacity of MSN towards rifampicin. Furthermore, data on
adsorption kinetics parameters, adsorption isotherm model, and
adsorption thermodynamic parameters can be generated. The
information obtained at this stage is very useful in designing drug-
loading systems on MSNs.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Based on the adsorption process that has been carried out
from the time interval of 18 to 26 hours, the results of the
remaining rifampicin concentration in the solution are dis-
played in the form of a breakthrough curve. The breakthrough
curve in Fig. 5 shows that the value of qe continues to adsorb
rifampicin in aqueous media by SBA-16-Al. The rapid adsorp-
tion at the beginning of time-dependent adsorption at 18–22
hours was caused by many accessible active sites on the surface
of the material. Fig. 5 shows that the adsorption process has
reached the equilibrium phase to achieve maximum rifampicin
adsorption capacity (rifampicin maximum uptake), namely at
24 hours, and continued with the desorption process aerward
(release from adsorbate to solution).41 So the data at 24 hours is
used as the equilibrium time of the adsorption process. Based
on Fig. 5, it can be seen that within 24 hours, the rifampicin
uptake level was close to 100%. This indicates a relatively high
maximum adsorption capacity.

The mechanism of rifampicin drug entry in SBA-16-Al and
the description of the distribution of SBA-16-Al 6 molecules
between the liquid phase and the solid phase at equilibrium.46

In this work, the adsorption equilibrium of rifampicin is
explained using two basic isotherm equations, the Langmuir
RSC Adv., 2024, 14, 7371–7382 | 7375
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Fig. 5 Rifampicin adsorption breakthrough curve using SBA-16-Al.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

6/
20

25
 3

:5
6:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and Freundlich isotherms.42 The adsorption process was inu-
enced by the affinity of nanomaterials between Al and adsorbate
and the effect of surface chemical properties. The driving force
could rise as the concentration of rifampicin increases to
overcome the mass transfer resistance of rifampicin from the
aqueous solution into SBA-16-Al, which enhances the adsorp-
tion equilibrium of the SBA-16-Al until it achieves its saturated
state. Instead of increasing the initial absorbate concentration,
it would cause a decrease in adsorption efficiency. The linear
curves for Langmuir and Freundlich isotherm models were
obtained as shown in Fig. 6 and 7. The values of the Langmuir
constant, Freundlich constant, and correlation coefficient (R2)
of the linear equation are shown in Table 1.

Based on the correlation coefficient (R2) values in Table 1, it
can be seen that the adsorption of rifampicin by SBA-16-Al
follows the Freundlich model at each adsorption temperature.
The Freundlich model describes heterogeneous and multilayer
adsorption.47 The modication of the active Al group on the
surface of the SBA-16 material allows for monolayer chemical
bonding.48 The Langmuir isotherm is indicated by the Lang-
muir correlation coefficient (R2) value which has a slight
Fig. 6 Langmuir model curve of adsorption isotherm SBA-16-Al.

7376 | RSC Adv., 2024, 14, 7371–7382
difference from the Freundlich isotherm.32 This can cause
rifampicin adsorption not only to occur on the surface of the
material but also on the bond between the rifampicinmolecules
themselves so that the adsorption is multilayer. The linear curve
of the relationship between 1/T and ln(qe/Ce) (Fig. 8) was used to
study the thermodynamic parameters of rifampicin adsorption
such as enthalpy (DH), entropy (DS), and Gibbs free energy (DG)
values tabulated in Table 2.

In an amorphous state, drugs are typically thermodynami-
cally unstable and tend to congregate to change into a stable
crystalline form.49 Drug loading on Al-modied mesoporous
silica nanomaterials can reduce the rapid dispersion of drugs.
The Al groups on the surface of the material acting as gate-
keepers will bind the adsorbed drug molecules so that the
dispersion of the drug becomes slower. The adsorption process
of rifampicin by SBA is chemisorption characterized by an
enthalpy value greater than 40 kJ mol−1. This indicates that
there is a chemical bond between rifampicin and SBA-16
material which is thought to be caused by the active group of
Al or silanol. The presence of the –NH and –OH hydrogen
bonding with the free silanol group on the pore wall surface of
mesoporous silica considerably inuences the interaction
process between drug and silica nanomaterials inside the pore
or along the surface.12,50 The occurrence of the chemical reac-
tion is not spontaneous which is characterized by a negative
Gibbs free energy value at each adsorption temperature. The
adsorption reaction of rifampicin by SBA-16-Al is quite stable.
This is characterized by a relatively small entropy value.51

Fig. 9 displays an approximate schematic of the adsorption
interaction between the rifampicin molecule and SBA-16-Al.
The results of the analysis of the thermodynamic parameters
of the adsorption of SBA-16-Al with rifampicin, in terms of the
enthalpy value (DH), show a value of more than 40 kJ mol−1,
indicating chemisorption. The estimated interaction is that the
OH species in the rifampicin compound acts as a proton donor
which in aqueous conditions can release protons and produce
hydroxyl groups. However, aluminated MSN (SBA-16-Al), which
has some of the silica groups replaced by aluminum groups,
Fig. 7 Freundlich model curve of adsorption isotherm SBA-16-Al.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption isotherm parameters

T (K)

Langmuir Freundlich

KL R2 KF R2

298 1.29 0.92 10.21 0.96
302 1.00 0.93 10.45 0.94
308 1.89 0.85 12.88 0.96
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tends to have a positive charge due to the cationic nature of
aluminum. Electrostatic interactions will occur between the
positive charge on the aluminum group of SBA-16-Al and the
negative charge of the electron pair on the oxygen in the
hydroxyl group of the rifampicin molecule.
Table 2 Adsorption thermodynamic parameters SBA-16-Al

T (K)
DS
(kJ K−1 mol−1)

DH
(kJ mol−1)

Error
(%) DG (kJ mol−1)

Error
(%)
Rifampicin release kinetics

The pore, surface, and aperture of mesoporous silica nano-
materials were functionalized with stimuli-responsive groups,
particularly Al modication (metal oxide), which served as caps
and gatekeepers. Controlled drug release could occur in
response to internal or external stimuli such as pH, tempera-
ture, redox, and enzyme processes.52 The speed of rifampicin to
reach its target action through the drug delivery system was
carried out by studying its release kinetics in articial gastric
simulation solutionmedia without pepsin (pH 1.5) and articial
intestinal simulation (pH 6.5). The choice of stomach and
intestine organs takes into account physiological relevance. In
this case, the stomach and intestines are an important part of
the human digestive tract where drugs are traditionally
consumed orally. Therefore, studies carried out on this medium
provide more relevant information about how the drug will
behave in this part of the human body. The stomach has an
acidic environment with a pH of around 1, which helps in the
digestion of food and kills microorganisms. Aer passing
through the stomach, food and medication enter the small
intestine, where the pH is more neutral (between 6 and 7). The
effect of changes in pH can affect the speed of drug release and
Fig. 8 Adsorption thermodynamic curve SBA-16-Al.

© 2024 The Author(s). Published by the Royal Society of Chemistry
absorption. Based on the United States Pharmacopeia, articial
gastric simulation was carried out at a pH range of 1.2–4.5,53

while articial intestinal simulation was carried out at a pH
range of 5.5–7.2. Aer the rifampicin release process from SBA-
16-Al, the data on the mass of rifampicin in solution was pro-
cessed and presented in the form of linear curves following eqn
(4)–(8).

The linear curve of rifampicin release kinetics from SBA-16-
Al in a simulated articial gastric solution without pepsin (pH
1.5) is shown in Fig. 10. The release of rifampicin at pH 1.5 has
two release kinetics proles. Prole 1 is the release prole of
rifampicin from SBA-16-Al before the brush effect which occurs
between 0.5–5 hours. Prole 2 is the release prole of rifampicin
from SBA-16-Al aer the brush effect which occurs between 6–15
hours. The brush effect resulted in a signicant increase in
rifampicin release. This is because the SBA-16-Al undergoes
dissolution (mass transfer of matrix molecules into solution).54

An illustration depicting prole 1 and prole 2 of rifampicin
release is shown in Fig. 11.

The kinetics parameters of rifampicin release from SBA-16-Al
in articial gastric simulated solution media without pepsin
(pH 1.5) and articial intestinal simulation (pH 6.5) are tabu-
lated in Table 3. Based on the correlation coefficient (R2) of each
kinetic model, the release of rifampicin in pH 1.5 solution fol-
lowed the Higuchi model for prole 1. This describes the SBA-
16-Al matrix containing an initial concentration of rifampicin
much greater than the solubility of rifampicin (C0 [ Cs). The
diffusion mechanism of rifampicin in a pH 1.5 solution is
unidirectional and constant. The thickness of the SBA-16-Al
matrix is much greater than the size of the rifampicin mole-
cule, so the swelling or dissolution effect of the SBA-16-Al matrix
has not occurred (negligible). This is illustrated in Fig. 10c in
prole c1.
298 0.234 55.689 0.29 −14.044 1.16
302 0.234 56.130 0.49 −14.539 1.91
308 0.234 55.735 0.21 −16.337 0.71

Fig. 9 The scheme of interaction between mesoporous silica nano-
materials SBA-16-Al and rifampicin molecules.
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Fig. 10 Linear curves of rifampicin pH 1.5 release kinetics (a) zero
order, (b) first order, (c) Higuchi model, (d) Kitazawa model, and (e)
Hixon–Crowell model.

Fig. 11 Linear curves of rifampicin pH 6.5 release kinetics (a) zero
order, (b) first order, (c) Higuchi model, (d) Kitazawa model, and (e)
Hixon–Crowell model.

7378 | RSC Adv., 2024, 14, 7371–7382 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Effect of pH of the solution media on the mass of rifampicin
released.
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Unlike prole 1, the release of rifampicin in a pH 1.5 solution
follows rst-order kinetics for prole 2. Aer the brush effect
process, the SBA-16-Al matrix dissolved into the solution
medium. This causes the speed of rifampicin release at any
given time to be proportional to the concentration of rifampicin
remaining in SBA-16-Al at that time.

Similar to the release kinetics at pH 1.5, rifampicin release in
a pH 6.5 solution also followed the Higuchi model. The linear
curve of rifampicin release kinetics from SBA-16-Al in a simu-
lated articial intestinal solution (pH 6.5) is shown in Fig. 11.
The release of rifampicin at pH 6.5 has only one release kinetics
prole. The brush effect process was absent from the linear
curve prole of rifampicin release at pH 6.5. This means that
there is no change in the shape or dissolution of the SBA-16-Al
matrix by articial intestinal simulation solution media.

Based on the release prole of rifampicin in solutions of
different acidity (Fig. 10 and 11), the prole or model of
rifampicin release kinetics is slightly different. The SBA-16-Al
matrix is acidic. When the solution medium is highly acidic,
there will be a release of free acid into the solutionmedium. The
free acid has a smaller solubility than its salt. This can reduce
the speed of rifampicin release into the solution media and
cause the amount of rifampicin in the pH 1.5 solution media to
be lower than the pH 6.5 solution media as seen in Fig. 12.
Whereas in the pH 6.5 solution media, the rifamaldehyde group
in the SBA-16-Al matrix turns into part of the salt so that the
rifampicin dissolution process in the solution media achieves
maximum results even within 24 hours.

When viewed from the drug delivery system that follows the
body's metabolic system through oral, the optimum time for in
vitro simulation (stomach) is 8 hours, while for in vitro simu-
lation (intestine) is a maximum of 16 hours.55 When referring to
the drug delivery system, the oral release prole of rifampicin
consists of two proles as shown in Fig. 13. Prole 1 uses
rifampicin release data at pH 1.5 between 0.5–8 hours. While
prole 2 uses rifampicin release data at pH 6.5 between 9–25
hours.

During the rst 8 hours of rifampicin release (prole 1), the
amount of rifampicin released into the solution medium was
6.61 mg. This is a small amount of the total rifampicin present
in the SBA-16-Al matrix. This indicates the performance of
rifampicin release from the SBA-16-Al matrix is slow release or
as expected. Based on Fig. 13, the brush effect process will occur
Table 3 Kinetic parameter of rifampicin release

Release
prole

Kinetic of rifampicin release

Zero order First order Hig

k0 R2 k1 R2 k2

pH 1.5a 0.1683 0.66 0.0535 0.63 0.
pH 1.5b 0.3158 0.92 0.0408 0.94 0.
pH 6.5 2.1075 0.95 0.0496 0.83 12.

a Prole 1 of rifampicin release (a1) zero order, (b1) rst order, (c1) Higuchi,
in Fig. 10. b Rifampicin release prole 2 (a2) zero-order, (b2) rst-order, (c
dissolution in Fig. 11.

© 2024 The Author(s). Published by the Royal Society of Chemistry
in the dissolution time range of 8 hours to 9 hours. This indi-
cates that the SBA-16-Al matrix began to dissolve from the 8th
hour to the 9th hour. In an articial gastric system, the body
part involved is the initial digestive organ. If the designed
matrix is dissolved (eroded) in the articial gastric system, this
means that the SBA-16-Al matrix design is similar to the
conventional drug therapy process which experiences high peak
plasma at the beginning (Fig. 13). SBA-16-Al matrix is quite good
or strong in maintaining its matrix shape within the rst 8
hours.

The existence of the brush effect in the 8th to 9th hour
causes the number of rifampicin molecules that move from the
SBA-16-Al matrix to the media solution to increase signicantly.
This increase in the transfer of rifampicin molecules is due to
the opening of the SBA-16-Al pathway (pore) caused by the
dissolution process during the previous brush effect event.
Some researchers have reported studies on the effect of pH
around the digestive area (pH 1 to 7.4), our results can achieve
a longer release time of 24 hours.56–58 The optimum or longest
time of drug release is when it is in the articial intestinal
section from the 9th to the 25th hour (Fig. 13). This shows the
suitability between the SBA-16-Al matrix design and the mech-
anism in the body. The process of drug therapy using the SBA-
uchi Kitazawa Hixon–Crowell

R2 k3 R2 k4 R2

5472 0.78 0.0018 0.66 0.0561 0.66
0408 0.90 0.0036 0.93 0.0036 0.93
192 0.96 0.0496 0.94 0.7025 0.95

(d1) Kitazawa, and (e1) Hixon–Crowel between 0.5–5 hours of dissolution
2) Higuchi, (d2) Kitazawa, and (e2) Hixon–Crowel between 6–15 hours of

RSC Adv., 2024, 14, 7371–7382 | 7379
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Fig. 13 Rifampicin release profile based on body metabolism.
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16-Al matrix occurs optimally in the articial intestinal section.
The amount of rifampicin released at the 9th hour was 43.35 mg
or 50% of the total rifampicin in the SBA-16-Al matrix (94.37
mg).

When referring to the release prole of the type of prepara-
tion (matrix) in therapy (Fig. 13), the release prole for the SBA-
16-Al matrix belongs to the type of matrix with a control release
type. Control release type is a type of matrix that provides
a constant release process at a certain time for a longer duration
than conventional drug matrices. To achieve a therapeutic
effect, conventional drugs must be dosed three times a day,
while using SBA-16-Al material is expected to reduce the dose of
drugs given to patients.

Although MSNs can be used as oral drug delivery vehicles
due to the biocompatible nature of MSNs and their ability to
protect and deliver drugs to targeted sites, it is important to
understand their potential toxicity to normal cells before clin-
ical use. This is to ensure that the use of MSN in drug therapy
will not cause damage or adverse side effects to the organism.
These cytotoxicity studies are shown in Fig. 14. Thus, toxicity
test studies on normal cells help ensure the safety and security
of using MSNs in drug delivery. The test method with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT
is a sensitive method, can measure cell viability accurately, and
Fig. 14 Cytotoxicity of SBA-16 and SBA-16-Al.

7380 | RSC Adv., 2024, 14, 7371–7382
is relatively simple and fast. This method allows precise
assessment of the effects of toxicity on normal cells. Meanwhile,
the normal cell samples chosen were 3T3 broblast cells, which
are a type of normal cell that is oen used in toxicity research
because they represent normal cells that are oen found in the
human body. Adding discussion of cytotoxicity SBA-16-Al
(Fig. 14) synthesized in this study showed smaller than SBA-
16, with an IC50 value of 140 mg mL−1, the IC50 of SBA16 is
125 mg mL−1. When compared with research by other scientists
using MSN (but loaded with compounds other than Al), the
toxic effect of SBA-16-Al has a relatively negligible effect on
normal cells.59
Conclusion and outlooks

This research has successfully synthesized mesoporous SBA-16-
Al material which has a specic surface area of 843.5 m2 g−1 and
a nanometer-sized pore diameter. The FTIR spectra showed the
Al–O bond at 802 cm−1 which indicates the Al group has been
successfully added in SBA-16. Al active group the adsorption
isotherm of rifampicin in SBA-16-Al follows the Freundlich
model which describes the adsorption as heterogeneous and
forms a multilayer. The adsorption of rifampicin is chemi-
sorption which occurs non-spontaneously and is quite stable.
The release kinetics of rifampicin in the drug delivery system
followed the Higuchi model with k1 0.5472 mg 0.5/hour (prole
1 pH 1.5) and k2 mg 0.5/hour (prole 2 pH 6.5).

The results of the study of the adsorption and release of
Rifampicin with a mesoporous silica nanomaterial matrix, SBA-
16-Al, encouraged the author to study more deeply the interac-
tion between the matrix and the drug. Furthermore, the author
wants to study the variation of Al : Si ratio on the adsorption and
release pattern of rifampicin and also wants to use advanced
characterization such as Small Angle X-ray Scattering (SAXS), X-
ray photoelectron spectroscopy and raman spectroscopy to
observe the interaction between SBA-16-Al and rifampicin.
Finally, it is hoped that there will be an opportunity to conduct
biocompatibility tests of SBA-16-Al including rifampicin-loaded
animal tests.
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