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Background: Due to its low water solubility, Rutin, a crystalline medication used to treat a variety of conditions, has a limited
rate of dissolution when given in gastrointestinal fluids. The present study planned to formulate and characterize Rutin using
mesoporous silica material (SBA-15) as well as to determine the in-vitro dissolution properties.

Methods: Rutin was formulated using mesoporous silica material such as SBA-15. Particle size distribution analysis, fourier
transform-infrared (FT-IR) spectroscopy, scanning electron microscopy, and X-ray diffraction were used to characterize the
compound in the complex. Rutin’s solubility and in-vitro release characteristics were assessed. Furthermore, the dissolution data
(DD) Solver Excel add-in software was used to evaluate several mathematical models to interpret the Rutin dissolution kinetics
from the mesoporous materials.

Results: Differential scanning calorimetry was used to confirm Rutin’s amorphous state, which resulted in a significantly higher
rate of dissolution than pure crystalline Rutin. The release of the drug from the Rutin/SBA-15 complex was well-simulated by
the Weibull model. Notably, the SBA-15 carrier-mediated complex of Rutin exhibited the highest drug loading and dissolution
rate, showing promising potential for enhancing Rutin bioavailability.

Conclusion: The findings suggested that Rutin/SBA-15 could be easily incorporated into conventional oral pharmaceutical dosage
forms such as capsules and therefore can be utilized for treating ailments such as allergies, inflammation, tumors, infections,
protozoal diseases, and spasms. To assess the Rutin/SBA-15 complex’s in-vivo pharmacokinetic performance and appropriateness
for a range of pharmacological actions, more investigation is required.
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Introduction the best possible therapeutic outcome. The medication’s
low water solubility (around 0.125 g/L), which results in
sluggish rates of dissolution in the gastrointestinal fluids, is

Rutin is reported to exhibit some important pharmaco- i e ;
the primary source of this issue [4,5]. Besides, the pace at

logical properties such as antibacterial, antiprotozoal, anti-

cancer, anti-inflammatory, antiallergic, antiviral, cytopro-
tective, vasoactive, hypolipidemic, antiplatelet, antispas-
modic and antihypertensive [1]. In the food sector, Rutin
is frequently utilized as a stabilizer, colorant, antioxidant,
and preservative. It is naturally derived from many sources
in plants. Additionally, several herbal medicines and mul-
tivitamin supplements contain Rutin as a necessary ingre-
dient [1-3]. Still, in many cases, substantial doses of Rutin
and prolonged administration times are required to provide

which the drug is absorbed is reported to be hampered by
low plasma drug levels [5].

Therefore, one of the biggest obstacles to developing a
more effective therapy with Rutin for various pharmacolog-
ical effects is to increase its water solubility and dissolution
rate.

To enhance Rutin’s solubility and rate of disso-
lution, various technologies were employed, including
such as solid dispersions [6], complexation with beta-
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Fig. 1. Schematic illustration of Rutin loaded into mesoporous SBA-15. DMSO, dimethyl sulfoxide.

cyclodextrins [7-9], nanostructured liquisolid [10], formu-
lation of Rutin-frankincense tablets [11], trihydrate emul-
gels [12], lipophilic prodrug of Rutin [13] as well as
nanoparticles form of Rutin [14,15]. These methods often
include multiple production processes, various ingredients,
and the use of organic solvents. However, structured meso-
porous silica particles offer a potential substitute due to their
advantageous qualities that enhance drug dispersion as well
as their biocompatibility and lack of toxicity [12,14].

In the above-mentioned techniques, the particles’
wide surface area, sizable pore volume, and well-organized
pore structure all help to increase the rate of drug disso-
lution and solubility [10]. But ordered mesoporous silica
materials are said to have better methods than polymers,
which are commonly used to promote solubility, in terms
of heat, pH, and storage stability [16]. Furthermore, when
compared to the crystalline state, the amorphous state of
drug molecules found in mesoporous is well stabilized and
the presence of porous structure in these materials is known
to increase the drug’s solubility along with better rate of dis-
solution [16,17].

Because of its dual-porosity structure, which com-
prises linked mesopores and micropores that are said to
give hydrothermal and thermal stability, SBA-15 stands out
from other ordered mesoporous silica particles [16]. As per
earlier research, SBA-15 has been extensively examined
for its potential as a delivery system for low water-soluble
drugs such as ibuprofen, fenofibrate, glibenclamide, eze-
timibe, indomethacin, itraconazole, telmisartan, and grise-
ofulvin [18]. Furthermore, research conducted on in-vivo
experimental models has shown that SBA-15 is an efficient
carrier of those medications that are poorly soluble in water,
such as carbamazepine, fenofibrate, and ketoprofen [19].
These medications can be added to mesoporous silica solids
to efficiently lower the particle size and increase the rate of
dissolution [18,19]. Considering these data, our study has a
novel approach to loading the Rutin into mesoporous silica
materials (SBA-15) and evaluating the dissolution rate as
well as solubility characteristics of the Rutin/SBA-15 com-
plex using various experimental models.

Materials and Methods

Drugs and Chemicals

Tetraethyl orthosilicate (TEOS, Batch number 0141),
Pluronic P123 (Lot # 1587), and Rutin (Sample ID num-
ber 1126585) were obtained from Yarrow Chem, Mumbai,
India. The solvents methanol (B.N.114), acetic acid (B.N:
699987), hydrochloric acid (Lot # 4857), dimethyl sulfox-
ide (DMSO, Sample # 593874), and carbon tetra chloride
(Batch # 98324) were purchased from Indian Fine Chemi-
cals, Bangalore, India. All reagents were of analytical grade
and were employed as received from the supplier.

Synthesis of SBA-15 Ordered Mesoporous Silica
Carriers

The synthesis of the SBA-15 silica material was real-
ized according to the protocol proposed by Zhao et al. [20]
and modified by Belmoujahid et al. [21]. SBA-15 was syn-
thesized utilizing Tetraethyl orthosilicate (TEOS) as a sili-
con source and Pluronic123 as a template. In brief, a de-
fined amount of P123 (8.0 g) was added into 365 mL of 2
M HCI solution (Batch number: 1228, HiMedia Laborato-
ries, Mumbai, India) at 40 °C in a round bottom flask with
constant stirring until a clear light blue solution was formed.
Then, 17.53 g of TEOS was added dropwise, followed by
stirring for 24 h at 40 °C. A white solid was obtained after
aging. The obtained solid was filtered and washed thor-
oughly with distilled water; air dried first at room temper-
ature overnight and after that, the sample was dried in an
oven at 80 °C for 5-6 h. Finally, the sample was calcined
at 550 °C for 4-6 h for removal of template.

Drug Loading to Mesoporous SBA-15

The solvent evaporation method was used to load
Rutin onto SBA-15 as represented in Fig. 1. In this
method, the mesoporous SBA-15 was dispersed in a Rutin-
containing volatile organic solution such as ethanol (Batch
# 1012, SD Fine Chemicals, Mumbai, India), methanol
(Batch # 0495, SD Fine Chemicals, Mumbai, India), or
DMSO (Batch # 6523, SD Fine Chemicals, Mumbai, In-
dia). Then this solution was dried by fast solvent evapo-
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Table 1. Solvents used for Rutin loading to mesoporous SBA-15.

Formulation code  Rutin (mg)  Mesoporous SBA-15 (mg)  Drug loading solvent (50 mL)
FD1 100 100 DMSO

FD2 100 150 DMSO

FD3 100 200 DMSO

FE1 100 100 Ethanol

FE2 100 150 Ethanol

FE3 100 200 Ethanol

FM1 100 100 Methanol

FM2 100 150 Methanol

FM3 100 200 Methanol

DMSO, dimethyl sulfoxide; FD, formulation with DMSO solvent; FE, formulation with ethanol,

FM, formulation with methanol.
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Fig. 2. Fourier transform-infrared (FT-IR) spectroscopy of Rutin.

ration by heating to obtain drug-loaded in mesoporous sil-
ica material. As observed in previous studies, the solvent
evaporation method gives the drug molecules enough time
to rearrange and aggregate inside the mesopores [22-24].

Powder X-Ray Diffraction

The pore structure of the materials was characterized
using X-ray diffraction analysis on a Bruker D2 Phaser de-
vice (Model: 995411, Bruker Inc, Malvern, PA, USA). CuK
radiation (k = 1.54 A) with a Ni filter was employed for the
analysis. The measurement involved a step size of 0.01°
and utilized divergent slots and a convergent slit width of

0.1 mm and 3 mm, respectively. The X-ray diffraction ex-
periment was conducted with a 10 mA current and a 30
kV voltage, while a LYNXEYE detector (Model: B08421,
Bruker Inc, Malvern, PA, USA) was used to capture the
diffraction patterns [25].

Scanning Electron Microscopy and Particle Size
Distribution

The morphology and particle size of pure Rutin, SBA-
15, and Rutin-loaded silica was observed through scan-
ning electron microscopy (Instrument ID # 0014785, SEM,
VEGA 11 LSH, TESCAN, Czech Republic). Before stan-
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Fig. 3. Fourier-transform infrared spectroscopy of mesoporous SBA-15.

dard error of the mean (SEM) imaging, samples were coated
with gold by a sputter coater. Approximately 1 mg of each
sample was placed onto a double-sided adhesive strip on a
sample holder [26].

Fourier Transform-Infrared (FT-IR) Spectroscopy

The chemical identity of pure materials (SBA-15,
Rutin, Batch number: 01462M, HiMedia Laboratories,
Mumbai, India) and the loaded ones (Rutin/SBA-15) was
verified by diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS, Nicolet 6700 FT-IR spectrometer,
Model: 987436, Thermo Fisher Scientific, Waltham, MA,
USA). The samples were mixed with KBr and the IR spec-
tra were obtained between 400 and 4000 cm ™~ [27].

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC, TA Instru-
ments, Model: 98114, New Castle, DE, USA) is a ther-
mal analysis technique used to study the thermal behavior
of materials, including drug-loaded mesoporous materials.
DSC measures the heat flow as a function of temperature
or time, and it is commonly used to investigate changes
in the physical and chemical properties of materials dur-
ing thermal processing, such as melting, crystallization, and
phase transitions. When drug molecules are loaded into
mesoporous materials, the DSC thermogram of the drug-
loaded mesoporous material can provide valuable informa-
tion about the interaction between the drug molecules and
the host mesoporous material [28].

Solubility Studies

Solubility measurements were performed in various
solvents such as water, 1.2 pH buffer, and 6.8 pH phos-
phate buffer at room temperature. The equivalent weight of
100 mg Rutin was added to 100 mL solvent. The samples
were subjected to constant shaking for 6 h with a magnetic
stirrer then filtered (0.22 micron), diluted, and analyzed by
UV-VIS spectrophotometer (Model # 35563, Cole-Parmer
Ind Ltd., Mumbai, India) at 360 nm. The same procedure
was repeated for various formulations [29].

Estimation of Percent Yield

The percent yield of the formulation was calculated by
considering the total amount of the obtained product. The-
oretical weight was calculated while considering the weight
of the drug and polymers employed during the preparation
[30].

The percent yield was calculated by using as following
equation:

Percentage yield =
weight of final formulation

- - 1
weight of drug + weight of mesoporous SBA-15 x 10

Determination of the Drug Loading Efficiency

The drug-loaded efficiency (EE) was calculated after
extracting the drug from the prepared inclusion complex.
Equivalent to 100 mg Rutin from the final product was in-
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Fig. 4. Fourier-transorm infrared spectroscopy of Rutin and mesoporous SBA-15.

sulated in 100 mL of phosphate buffer (pH 6.8) and stirred
magnetically at 500 rpm for 6 h for completely extracted
Rutin. After completion of 6 h, these solutions were di-
luted and analyzed by a UV-VIS spectrophotometer (Model
# 35563, Cole-Parmer Ind Ltd., Mumbai, India) at 360 nm.
All trails were done in triplets. The percentage of drug-
loaded was calculated by using the below equation [30]:

Practical drug loading

Drug loaded (%) = 100

Theoretical drug loading

Dissolution Rate of Rutin from SBA-15

The rate of dissolution of Rutin from SBA-15 in com-
parison to pure Rutin was assessed using dissolution appa-
ratus I. A volume of 900 mL of HCI 0.1 N (pH 1.2) for 2
h and replaced by phosphate buffer (6.8 pH) for 7 h was
used as a dissolution medium at 37 °C with a speed of 100
rpm. About 100 mg of pure Rutin and equivalent to 100
mg of Rutin complex were packed in a muslin cloth and
placed in each dissolution basket. The samples of 5 mL
were taken every 1 h interval and to maintain a constant
volume fresh medium was added (at 37 °C). The Rutin con-
centration was measured with a UV-VIS spectrophotometer
(Model # 35563, Cole-Parmer India Ltd., Mumbai, India) at
360 nm. The assays were done in triplicate and mean values
were calculated [28].

In-Vitro Drug Release Kinetics

The release kinetics of Rutin from different formula-
tions were analyzed using various mathematical models to
understand the mechanism of drug release. The follow-
ing models were applied by using dissolution data (DD)
Solver software (version 2.0, Excel add-in software pack-
age developed by QAT Software Development Services,
Costa Rica, Brazil): zero-order kinetics, first-order kinet-
ics, Hixson-Crowell kinetics, Higuchi’s model, Korsmeyer-
Peppas model, and Weibull model. Zero-order release ki-
netics refers to a constant drug release rate from a drug de-
livery device. It assumes that the release rate was indepen-
dent of the drug concentration. First-order release kinetics
describes drug release from a system where the release rate
depends on the drug concentration. Hixson and Crowell
observed that the surface area of particles is proportional
to the cube root of their volume. Higuchi developed math-
ematical models to study drug release from insoluble ma-
trices based on Fickian diffusion. The Korsmeyer-Peppas
model describes the fractional drug release as exponentially
related to the release time. It applies to polymeric systems
such as slabs, cylinders, and spheres. The Weibull model
is an empirical model widely used for different dosage for-
mulations [31].
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Fig. 5. Powder X-ray diffraction of formulation with ethanol 3 (FE3).
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Fig. 6. DSC analysis of formulation FE3 depicts endothermic peaks corresponding to its melting points, with peak positions into
its thermal stability. DSC, differential scanning calorimetry.
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Statistics

The data obtained from the current study was sub-
jected to statistical analysis by one way analysis of vari-
ance (ANOVA) followed by Dunnett’s Multiple Compari-
son Test to evaluate the significant variation from best for-
mulation (formulation with ethanol 3 (FE3)). p value less
than 0.05 was considered to indicate the significance level
upon comparison.

Results

Characterization of Rutin/SBA-15 Complex
Fourier Transform-Infrared (FT-IR) Spectroscopy

Analysis of results from Figs. 2,3,4 suggested that
O-H stretching vibration typically observed at 3200-3600
cm~! is absent in Fig. 3 (SBA-15). However, such O-H
stretching was observed in Rutin (Fig. 2) and Rutin/SBA-15
complex (Fig. 4). Furthermore, the analysis also indicated
that C-O stretching vibration typically observed in the range
of 1650-1800 cm~!, was found in Fig. 2 (Rutin), Fig. 3
(SBA-15), and Fig. 4 (Rutin in SBA-15 polymer). The C-
O stretching vibration for Rutin, Rutin + polymer occurred
at 1651 cm™!, while in mesoporous SBA-15 sample oc-
curred at 1723 cm~'. These figures suggested the presence
of characteristic features including the functional groups of
Rutin as well as SBA-15 in the formulation.

Powder X-Ray Diffraction

The X-ray diffraction analysis of different samples is
indicated in Fig. 5. The important analysis of data sug-
gested that the peak was slightly asymmetry with the asym-
metry factor of 1.01188. The Lorentz polarization factors
for the low-angle and high-angle components were found
to be 0.7485 and 0.0590474, respectively. Further, the es-
timated crystal size was 0.158636 Angstroms, with an esti-
mated error of 0.1387 Angstroms. These values reflect the
ideal size of the crystalline nature of the test compound in
the formulation.

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) data of
the Rutin/SBA-15 complex is summarized in Fig. 6. The
DSC thermogram shows the thermal behavior of formula-
tion formulation with ethanol 3 (FE3). Peak observed at
262.53 °C, corresponds to the drug component within for-
mulation FE3, indicating a specific thermal event associ-
ated with the drug substance. This peak is essential for as-
sessing the thermal behavior and stability of the drug within
the formulation.

Additionally, other peaks observed in the thermogram
correspond to thermal events associated with the meso-
porous silica component present in formulation FE3. These
peaks provide insights into the thermal behavior of the
mesoporous silica material under the tested conditions.

5479

However, the analysis also indicates the absence of a
melting peak within the different temperature ranges, sig-
nifying the non-deteriorating property of the formulation.
This absence of a melting peak, combined with the specific
peak corresponding to the drug and the observed peaks re-
lated to mesoporous silica, underscores the formulation’s
remarkable thermal stability under the tested conditions.

Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) images ob-
tained for the Rutin/SBA-15 complex are indicated in
Fig. 7. The analysis of the images provided information
about the shape and distribution of various mesoporous
particles. Further, the pore structure of the samples can
be observed in the images of the mesoporous complex.
The micrographs of SEM indicated that the particle size of
Rutin/SBA-15 polymer has an approximate size of 10 pm.

Determination of Solubility

The prepared Rutin mesoporous complex solubility
was determined by using various solvents like water, pH 1.2
acidic buffer (Batch number: 00975, HiMedia Laborato-
ries, Mumbeai, India, and 6.8 phosphate buffer (Batch num-
ber: 92547, HiMedia Laboratories, Mumbai, India) and re-
ported in Table 1.

The solubility testing data for different samples us-
ing various solvents is represented in Table 2. Rutin was
found to possess the lowest solubility value in water (0.087
mg/mL), pH 1.2 buffer (0.026 mg/mL), and pH 6.8 buffer
(0.146 mg/mL). Among the different formulations tested,
formulation with DMSO solvent 3 (FD3) was found to pos-
sess the lowest value in water (0.142 mg/mL), while FD2
was lowest in pH 1.2 buffer (0.032 mg/mL) and FDI in
pH 6.8 buffer (1.560 mg/mL). On the other hand, FE3 was
found to exhibit the highest solubility values in all three
tested solvents such as water (0.264 mg/mL), pH 1.2 buffer
(0.190 mg/mL), and pH 6.8 buffer (2.514 mg/mL), suggest-
ing that the formulation has perfect characteristics for oral
administration.

Percentage Yield

The percentage yield was found to be in the range
of 81% to 93.3%. Fig. 8 represents the percentage yields
recorded for various formulations. Three different series
of Rutin formulations such formulation with DMSO sol-
vent (FD), formulation with ethanol (FE), formulation with
methanol (FM) were tested. Maximum percentage yield
was observed for FE series, among them FE3 was found to
be the highest (93.3%), whereas FE2 and FE1 had 82% and
88% yield, respectively. In FD series, FD3 had the highest
yield (91.6%) and both FD1 as well as FD2 had 84% yield.
The lowest yield among all three series of formulations was
recorded for FM1 (81.0%), while FM2 had 87.2% and FM3
had 86.2% yield. When compared, FE3 was more suitable
for achieving the desired pharmacokinetic properties.
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Table 2. Data for solubility determination.

SI. No Formulation code =~ Water (mg/mL)  pH 1.2 buffer (mg/mL)  pH 6.8 buffer (mg/mL)
1. Rutin 0.087 £ 0.02 0.026 £+ 0.82 0.146 + 0.04
2. FD1 0.273 4+ 0.01 0.034 4+ 0.03 1.560 + 0.12
3. FD2 0.269 + 0.05 0.032 4+ 0.09 1.700 + 0.08
4. FD3 0.142 + 0.06 0.051 4 0.06 1.802 + 0.14
5. FEI1 0.228 4+ 0.01 0.099 +0.12 2.410 + 0.02
6. FE2 0.245 +0.02 0.111 £ 0.10 2.486 + 0.02
7. FE3 0.264 £+ 0.01 0.190 £ 0.85 2.514 + 0.06
8. FM1 0.224 +0.12 0.062 +0.16 2201 +0.10
9. FM2 0.202 £+ 0.08 0.066 + 0.04 2248 +0.14
10. FM3 0.223 £ 0.12 0.087 £ 0.03 2.257 +0.09

Data are expressed as Mean + SD (n = 3). SD, standard deviation.

Fig. 7. Scanning electron microscopy images of mesoporous silica material (SBA-15) with Rutin in the formulation. The distance

between the two arrows indicates the porous size of SBA-15. SE, scanning electron; um, pm.

Drug Loading Efficiency

The percentage of drug loading efficiency of all the
formulations was in the range of 68.2% to 71.2%. The per-
centage drug entrapment efficiency of the prepared Rutin-
mesoporous SBA-15 complex is shown in Fig. 9. Three
different series of formulation such as FD, FE and FM were
tested in the present study. In comparison to the other for-
mulations, the FE series formulations have a usually greater
drug loading efficacy, ranging from 70.1% to 71.2%, sug-
gesting better drug encapsulation. The drug encapsulation
efficacies of FD1, FD2, FD3, FM1, FM2, and FM3 range

from 67.3% to 69.4% and 68.2% to 68.8%, respectively, in-
dicating reduced drug encapsulation efficiency when com-
pared to the FE series.

In-Vitro Dissolution Study

The data from Fig. 10 indicates that the percentage
of drug release varies among different formulations. Rutin
shows a gradual increase in drug release, reaching 35.92%
at 9 hours. FD1, FD2, and FD3 start with higher initial drug
release percentages but have slower release rates. FE1 re-
leases a large amount of the medication at first, then drops
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Values are Mean + SD (n = 3); one way analysis of variance (ANOVA) followed by “Dunnett’s Multiple Comparison Test” where data

were compared with the Best formulation FE3 (control).

off a little bit before continuing to release the drug until 9
hours later, when it reaches 66.13%. FE2 releases at a lower
beginning rate but grows quickly, reaching 72.58% after
9 hours. FE3 has a similar starting point as FE2 but has
a slower release rate, releasing 83.83% at 9 hours. FM1,
FM2, and FM3 start with lower initial releases but steadily
increase, with FM3 reaching 68.64% at 9 hours. The ideal
release characteristics can be observed with FE3 formula-
tion.

Kinetic Drug Release Study of Formulation FE3
from DD Solver Software

As shown in Table 3, among the various kinetics mod-
els evaluated for formulation FE3, the zero-order and first-
order models showed high R-squared values (0.9549 and
0.9644, respectively) and low mean square error (MSE) val-
ues, indicating a good fit to the data. The Higuchi model
seems to fit less well, as seen by its higher MSE value
and lower R-squared value of 0.8840. The Korsmeyer-
Peppas, Hixson-Crowell, and Hopfenberg models, on the
other hand, showed low MSE values and high R-squared
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Fig. 10. In-vitro drug release study of Rutin and prepared formulation. Significant at *p < 0.01; **p < 0.001; Values are Mean
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formulation with control Rutin.

values (0.9668, 0.9719, and 0.9757, respectively), indicat-
ing good fits. The Baker-Lonsdale model had a lower R-
squared value (0.8337) and a higher MSE value, indicating
a weaker fit. Finally, the Weibull model showed the highest
R-squared value (0.9859) and lowest MSE value, indicating
the best fit to the data. These factors indicated the kind of
matrix that makes up a formulation, as well as its drug elim-
ination and releasing properties.

Discussion

In the present study, different formulations of meso-
porous SBA-15 with Rutin were tested. The results sug-
gested that the FE3 formulation exhibited the characteristics
of Rutin being embedded in mesoporous SBA-15 polymer.
The compound had the necessary physical characteristics
for ideal dissolution and was thermally stable. The solubil-
ity analysis also showed that the FE3 formulation had the
best loading efficiency, best dissolving in a range of pH-
varying solvents, and best releasing properties. Further, the
kinetic properties of FE3 can be explained by the Weibull
model, suggesting the suitability of the formulation for oral
administration (Figs. 2,3,4,5,6,7,8,9,10 and Table 2).

Fourier transform-infrared (FT-IR) spectroscopy is
known to be a valuable technique for evaluating the com-

patibility between drugs and polymers. According to the
literature, the O-H stretching vibration, typically observed
in the range of 3200-3600 cm~!, was found to be absent
in the mesoporous sample, indicating the absence of the O-
H functional group [32]. On the other hand, both the drug
with polymer sample and the Rutin sample exhibit an O-
H stretching vibration at 3300 cm ™! and 3331 cm™!, re-
spectively. This suggested that the drug complexes with
the SBA-15 [32].

In addition, the FT-IR analysis also suggested the pres-
ence of a C-O functional group. Study conducted in the
past suggested that C-O stretching vibration can be found
in the range of 1650-1800 cm ™' [32]. The present study
data indicated that the C-O stretching occurred in all three
samples. The findings are by previous results where the
presence of carbonyl group is reported in both Rutin as
well in SBA-15 [27]. Furthermore, the comparison of val-
ues of the O-H stretching vibration (3331 cm™! for Rutin)
and the C-O stretching vibration (1360 cm™!) between the
mesoporous and Rutin samples showed similarities. These
similarities suggest the possibility of compatibility between
mesoporous and Rutin for formulation purposes [32].

The split pseudo-Voigt function is suggested by the
peak form seen in X-ray diffraction experiments, as docu-
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Table 3. Kinetic drug release study of FE3 from dissolution data (DD) Solver goodness of fit parameters.
. Goodness of fit parameters
Model & Equation
R obs-pre  Rsqr MSE MSE root SS AIC MSC

Zero-order
FokOxt 0.9785 0.9549  41.5427 6.4454 373.884  61.2395 2.5910
First-order

0.9873 0.9644  32.7841 5.7257 295.056  58.8717  2.8277
F=100 x [1 - Exp(—kl x t)]
Higuchi

0.9615 0.8840  106.7551 10.3322 960.796  70.6776  1.6471
F=kH xt" 0.5
Korsmeyer-Peppas

0.9837 0.9668  34.3827 5.8637 275.061  60.1700  2.6979
F=kKP x t" n
Hixson-Crowell

0.9891 0.9719  25.8699 5.0862 232.828  56.5030  3.0646
F=100 x [1 - (1 —KHC x t) " 3]
Hopfenberg

0.9887 0.9757  25.1239 5.0124 200.991  57.0326  3.0116
F=100 x [1 - (1 —KHB x t) " n]
Baker-Lonsdale

0.9414 0.8337  153.0887 12.3729 1377.798 742824  1.2867
3/2 x [1—(1-F/100) " (2/3)] —F/100 =kBL x t
Weibull

0.9929 0.9859  16.6794 4.0840 116.755  53.6008  3.3548

F=100x {I-Exp[—((t—Ti)" B)al}

MSE, mean square error; SS, sum of squares; AIC, akaike information criterion, MSC, model selection criterion; KHC,

Hixson-Crowell constant.

mented in the literature. This peak illustrates the disordered
pore configurations and amorphous characteristics that are
typically observed in mesoporous materials [25]. Besides,
the peak shape, d-spacing value, peak intensity, and the
presence of a broad peak are consistent with the amorphous
nature and disordered structure of mesoporous materials
[29]. Considering the characteristics of mesoporous mate-
rials, such as their high surface area, large pore volume, and
narrow pore size distribution, the obtained X-ray diffraction
values align with those expected for mesoporous materials
[31].

Furthermore, the asymmetry peak observed with the
X-ray diffraction study could be related to several causes
such as operational procedure, equipment handling as well
as sample tested. As reported in literature, a slight vari-
ation in asymmetry peak is acceptable and can be ad-
justed through the operational method of the instrument
and need not necessarily suggests the sample deterioration
[33]. Lorentz polarization factor in X-ray diffraction anal-
ysis suggests the geometry of the sample and single/poly-
crystal size in the irradiation of crystalline sample powder.
When compared with previous study, the Lorentz polariza-
tion values for the tested formulations in the present study
are within the suitable range [34]. The study suggested that
such crystalline nature of the compound is essential for op-
timum efficacy [31]. In addition, the crystals of the formu-
lations have ideal size, and such characteristics according
to earlier study is preferred in the new drug delivery system
for reaching the desired area of the body [35].

A study conducted in the past suggests that DSC pro-
vides vital information about various thermal events, in-

cluding the onset temperature, peak temperature, end set
temperature, heat flow, and height [28]. From the obser-
vations of the present study, it can be indicated that the
Rutin-mesoporous possesses an amorphous structure and
complex is thermally stable up to 262 °C [36]. Important
details about the size, shape, pore structure, and distribution
of the mesoporous particles were revealed by the SEM im-
ages shown in Fig. 7. According to earlier research, meso-
porous materials often have a large surface area and a no-
ticeable level of porosity; these characteristics can be seen
and measured via SEM analysis [37]. Moreover, SEM anal-
ysis is reported to provide information about the determina-
tion of particle size distribution. Besides, by measuring the
sizes of multiple particles in the SEM images, it is possible
to calculate the average particle size and assess the size dis-
tribution [38]. The SEM micrograph analysis in the present
study reveals particles with an approximate size of 10 pm.

The solubility study suggests that the FE3 formula-
tion has more solubility values than others, including pure
Rutin, in all tested solvents. As recorded in previous re-
search, the solubility factor of a formulation plays a vital
role in achieving the desired concentration in biological flu-
ids. As reported in the literature, the solubility of a for-
mulation is generally tested in a range of solvents having
different degrees of pH values [39]. Such type of study
provides information about the dissolution characteristics
of the formulation in an acidic and basic atmosphere of the
stomach and intestine, respectively [40]. A drug having an-
ticipated solubility in solvents of different pH is reported to
achieve satisfactory therapeutic concentration after oral ad-
ministration [41]. This enhancement in solubility can be at-
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tributed to the porous structure of the mesoporous materials,
which hinders the formation of crystalline Rutin and stabi-
lizes the drug molecules in an amorphous state [37]. As re-
ported in the literature, unlike crystalline solids, amorphous
solids have lower packing energy and lack long-range order
in molecular packing, leading to improved solubility com-
pared to their crystalline counterparts [42]. DSC analysis
further confirmed the amorphous state of the Rutin/SBA-
15 complex. The abundant pore volume in the mesoporous
materials facilitated better drug penetration, promoting in-
creased contact with the surrounding medium and conse-
quently enhancing the drug’s solubility [43].

The percentage yield study suggested that FE series
formulations demonstrate higher efficiency in converting
starting materials to the desired product, while the FM se-
ries shows lower efficiency. Previous research has sug-
gested that drug yield and loading efficiency play an impor-
tant part and are considered a challenging task in targeted
drug delivery systems. These physical parameters establish
the accommodative ability of the carriers towards the test
drug in a formulation [43]. The better efficacy could be re-
lated to the molecular distribution and particle size of the
Rutin/SBA-15 complex [41,43]. Similarly, the loading ef-
ficacy was also observed to be better for FE formulations
compared to others. Factors such as drug properties, for-
mulation composition, and processing conditions could in-
fluence drug loading efficacy [44]. As indicated in previ-
ous study, higher drug loading efficacy is desirable for in-
creased drug concentration at the target tissue, potentially
improving drug efficacy [45]. Moreover, formulations hav-
ing higher yield and loading capacity have shown better
therapeutic interventions when tested in several clinical dis-
eases [41,44].

The dissolution study data suggested that the formu-
lations exhibit different release rates and percentages over-
time periods. Among the different formulations, FE3 al-
though has a lower initial release achieved approximately
83.83% of the drug release within 9 hours. In compari-
son, pure Rutin showed a drug release of about 35.92% dur-
ing the same period. According to the literature, the higher
dissolution rate in the FE3 formulation could be attributed
to the adsorption branch, chosen due to the cage-like pore
structure facilitating percolation phenomena during the des-
orption branch [46,47].

In this study, in-vitro drug release data was ana-
lyzed using various kinetics models, including zero-order,
first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell,
Bakar-Lonsdale, Hopfenberg, and Weibull. The dissolution
data (DD) Solver software provided several statistical cri-
teria for evaluating the dissolution models, such as R2 ad-
justed, akaike information criterion (AIC), and model selec-
tion criterion (MSC) [48]. After calculating each model’s
goodness of fit parameters, the model with the highest MSC
value was deemed to be the best [49].
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The zero-order model assumes a constant drug release
rate, while the first-order model assumes a rate proportional
to the remaining drug amount [50]. Moreover, the kinetic
drug release study revealed that all formulations were fitted
to different models such as zero-order, first-order, Higuchi,
Korsmeyer-Peppas, Hixson-Crowell, Hopfenberg, Baker-
Lonsdale, and Weibull [51]. The R-squared values fell
within the acceptable range for all formulations [52]. How-
ever, FE3 demonstrated the highest KO value, indicating the
fastest rate of drug release among all formulations. Addi-
tionally, the n value for FE3 was 0.845, suggesting a non-
Fickian (anomalous) diffusion mechanism. The Hixson-
Crowell constant (KHC) value was also higher for FE3
compared to other formulations, indicating a higher drug
release [53]. The data suggested that the drug in the formu-
lation is eliminated at constant rate as well depending on
plasma concentration. Besides, the drug was observed to be
soluble and released from the formulation as indicated from
values of Higuchi and Korsmeyer-Peppas models. The
Hixson-Crowell model predicted the precise mechanism of
drug release from formulation [54]. The optimum release
phenomenon of the drug from polymer such as SBA-15
and its degradation properties was found to be satisfactory
from Hopfenberg study. The desired controlled/sustained
released parameter of Rutin from spherical matrix of for-
mulation was observed with Baker-Lonsdale model [55].
The Weibull model suggested the distribution as well as de-
composition of the drug in formulation and the values were
indicative of reasonable for formulation, when compared
with previous study [56].

Overall, the analysis suggests that FE3 is the ideal for-
mulation, and the drug release could be controlled through
the diffusion process [57]. Besides, FE3 has the highest
solubility, indicating that the concentration of mesoporous
SBA-15 increases the solubility and a higher rate of solu-
bility can be advantageous in certain applications, such as
drug delivery, where rapid release of the active compound
is desired [58,59]. The appropriate characteristics observed
in the FE3 formulation could be linked to the ethanol being
used as a solvent while preparing the mesoporous particles
of Rutin since ethanol can dissolve a wide range of polar
and non-polar substances [60]. However, the role of SBA-
15 on influencing the release of Rutin in other experimental
setup including the in-vivo studies needs to be evaluated.

Conclusion

The synthesized SBA-15 with Rutin exhibited opti-
mum physico-chemical characteristics, without undergo-
ing any self-modification or interference with drug’s na-
ture. The kinetics data suggested that Rutin has improved
oral bioavailability with SBA-15 that might be suitable for
targeted drug delivery system. The technique of formulat-
ing SBA-15 with Rutin is simple and can solve the major
issue of poor solubility/distribution associated with Rutin.
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This might enhance the scope of utilizing Rutin for treat-
ing various illnesses. However, more research is neces-
sary to evaluate the in-vivo pharmacokinetic performance
of Rutin/SBA-15 and its suitability for various pharmaco-
logical activities.
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