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Abstract

Background: Fenofibrate (FF) is a BCS class II compound whose poor solubility poses challenges in drug
delivery and bioavailability. Solid self-micro emulsifying drug delivery systems (S-SMEDDS) have emerged
as a promising solution to address these issues. These systems are aimed at enhancing the solubility and dis-
solution rates of poorly soluble drugs, such as FF, by formulating them into solid dosage forms.

Methods: FF solubility was investigated in various oils, surfactants, and co-surfactants to identify the most
suitable components for formulating S-SMEDDS. The preparation of S-SMEDDS was carefully evaluated
according to parameters including drug content, morphological characteristics, and structural features. Two
methods, freeze-drying, and spray-drying, were compared for their efficacy in producing S-SMEDDS. Addi-
tionally, in vitro dissolution studies were conducted to assess the dissolution rates of FF-loaded S-SMEDDS
tablets compared with conventional tablets.

Results: Among the oils tested, oleic oil achieved the highest FF solubility, whereas Tween 80 and Transcutol
HP were identified as the optimal surfactant and co-surfactant, respectively. The preparation method signif-
icantly influenced the properties of S-SMEDDS. Freeze-drying outperformed the other methods by enhanc-
ing dissolution rates, primarily through increased surface area. Moreover, the solid-state characteristics of
S-SMEDDS were dependent on the polymer concentration and processing method. In vitro dissolution stud-
ies demonstrated that FF-loaded S-SMEDDS tablets exhibited faster drug release than conventional tablets,
owing to the inclusion of the super disintegrating agent CCS and the S-SMEDDS component. Freeze-drying
was superior to spray-drying in enhancing dissolution, albeit with potentially higher production costs.
Conclusions: The study highlights the potential of S-SMEDDS to overcome the solubility and bioavailability
challenges associated with FF. Freeze-drying emerged as the preferred method for producing S-SMEDDS,
because of its superior dissolution enhancement capabilities, despite potentially higher production costs,
whereas spray-dried S-SMEDDS offers economic and environmental benefits, but may achieve lower dis-
solution rates. Overall, our findings underscore the importance of formulation strategy in enhancing the
efficacy of poorly soluble drugs such as FF.
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H Lipid-based drug carriers play a major

Intr tion P g play a maj
Oduc o role in increasing drug molecule solubil-
Advancements in  biochemical under- ity, dissolution, and bioavailability within

the gastrointestinal tract. SMEDDS for-
mulations use bile salt as well as lipolytic
agents to create a solubilized phase, thus
aiding in drug release during digestion.
After dilution in the aqueous environment,
the formulation transitions to small oil-in-
water micro-emulsions, thereby enhancing

standing, combinatorial chemistry, and
high-throughput selection have led to the
development of NCE with poor water sol-
ubility, thus posing challenges in oral drug
delivery [1-3]. Using amorphous drug
forms increases dissolution rates, thereby
overcoming solubility limitations [4-6].

However, amorphous systems are inher-
ently unstable because of their elevated
free energy, thus substantially hindering
their inclusion in commercially available
drug products [7, 8].
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drug delivery [9]. The mechanical churn-
ing that naturally occurs in the stomach
and intestines during digestion leads to
emulsion formation. Beyond enhancing
solubilization, the inclusion of fat in these
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formulations increases drug bioavailability by influencing
absorption [10, 11].

Fenofibrate (FF), a BCS class II lipid-lowering medica-
tion, poses challenges of low solubility and limited bioavail-
ability [12—-15]. Various approaches, including cyclodextrin
complexation and solid dispersion, have been explored to
address these limitations. SMEDDS and SEDDS formula-
tions have gained attention for enhancing FF’s bioavailabil-
ity and dissolution [16-21].

Solid self-micro emulsifying drug delivery systems
(S-SMEDDS) offer various advantages, such as cost-
effective manufacturing; straightforward process control;
high stability, consistency; and enhanced patient adher-
ence, solubility and bioavailability. In addition, they can
be used for generating nanoparticles, microspheres, and
easily flowable powders [22]. Hence, producing sol-
id-state formulations of L-SMEDDS or converting formu-
lations into solid dosage forms are recommended to lev-
erage the combined benefits of SMEDDS. Spray-drying
and lyophilization are widely used methods to transform
L-SMEDDS into S-SMEDDS. These methods can create
dry micro-emulsions containing submicrometer particles,
such as microspheres and micro-particles. This technique
has recently received substantial interest to effectively
solidify liquid SMEDDS. The spray-drying technique is
favored for converting liquid SMEDDS in industrial appli-
cations. Rapid solvent evaporation increases viscosity, and
entraps oil droplets with drug molecules in a carrier matrix
[23-25].

Limited research has examined conversion of
FF-SMEDDS into solid forms through spray-drying and
freeze-drying approaches. The study was aimed at develop-
ing solid SMEDDS through these techniques for tablet dos-
age forms, to increase patient adherence as well as product
stability.

Materials and methods

Material

FF was sourced from Wockhardt Ltd, Aurangabad.
Ingredients including Kolliphor RH 40, Cremophore RH
40, PEG 300 and 400, castor oil, oleic acid, Tween 80,
and Transcutol HP were obtained from BASF, Mumbai.
Maltodextrin was obtained from Nutrichem Products,
Mumbai, whereas MCC CCS, talc, and magnesium stearate
were obtained from Maple Biotech, Pune.

Methods
Solubility profiling of FF

FF solubility was evaluated in various media by mixing of
500 mg of FF with the chosen vehicles, vortexing for 5 min-
utes, and incubating for 3 days at 25°C with continuous shak-
ing. After centrifugation at 12,000 RPM for 20 minutes, the
clear supernatant was collected and diluted with acetonitrile.

UV spectroscopy was performed to measure the absorbance
at 286 nm [18].

Preparation of SMEDDS

For preparation of liquid SMEDDS, FF (50 mg) was dis-
solved in a specific mixture of oleic acid, Tween 80, and
Transcutol HP in a volume ratio of 43:28.5:28.5, respec-
tively, and the mixture was stirred until clear. Dextran (1.0 g)
was dissolved in water, and SMEDDS was subsequently
added and mixed for 15 minutes. The resulting suspension
was spray-dried with specified parameters. Lyophilization
involved freezing the L-SMEDDS with 1% trehalose as a
cryoprotectant and 72-hour lyophilization. The dried powder
was subsequently characterized [12, 23, 24].

Analysis of S-SMEDDS [26, 27]

Drug content

Approximately 100 ml methanol was used to dissolve
the S-SMEDDS. Subsequently, the solution was filtered
through Whatman filter paper to determine the drug content.
Analysis of the filtrates was conducted with UV spectros-
copy at 286 nm.

Morphological analysis (SEM)

The morphological analyses, in addition to features of the
S-SMEDDS, were examined with SEM conducted a voltage
of 1.0 kV with a distance setting of 8.6-8.7 mm.

XRD study

XRD (Shimadzu XRD-7000, Japan) was used to determine
whether the S-SMEDDS and pure FF were amorphous or
crystalline.

Thermal investigation: DSC
examination

Thermal analysis of pure FF as well as spray-dried S-SMEDDS
loaded with FF was conducted with a DSC-Hitachi 9020
instrument. Samples weighing approximately 1-3 mg were
positioned on a heated aluminum pan under an N, flow rate of
50 ml/min, with a heating rate set at 100°C/min.

Saturation solubility study

The study of pure FF and its formulation in DW was con-
ducted through addition of excess amount of drug in 10 ml
of DW, and stirring for 24 hours at 37°C. The resulting solu-
tions were sifted and investigated with UV spectroscopy at
286 nm [26].
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Preparation of S-SMEDDS tablets

Tablets were formed through direct compression. A 100 mg
S-SMEDDS complex was mixed with compressible diluents
in a plastic container. Croscarmellose sodium, magnesium
stearate, and talc were added, passed through a #60 sieve,
and blended. Tablets were compressed with 8 mm punches
on an automatic tablet punching machine (formula composi-
tion details in Tables 1 and 2) [27].

In vitro dissolution investigations

Dissolution was assessed with a type II apparatus in 900 ml
pH 6.8 PBS buffer at 37 £ 0.5°C with a rotational speed of
25 rpm. Samples (5 ml) were collected at stated intermis-
sions, and an equivalent amount of buffer was replenished to

maintain sink conditions. Analysis was conducted with a UV
spectrophotometer at 286 nm [27].

Results

Solubility study of FF

Oleic oil resulted in maximum FF solubility among oils,
at 1.25 £ 0.32 mg/ml. FF displayed maximum solubil-
ity in Tween 80, among surfactants, at 3.54 £ 0.43 mg/ml.
Transcutol HP exhibited the highest FF solubility among
co-surfactants, at 0.92 = 0.15 mg/ml. Proportional solubility
statistics of FF in altered oils, surfactants, and co-surfactants
are shown in Figure 1 and Table 3.

Table 1 Tablet Preparation Batches of FF-S-SMEDDS (Spray-Drying)

Excipients Amount (mg/tab)

F1 F2 F3 F4 F5 F6 F7 F8 F9
FF eq. to 100 mg 170 170 170 170 170 170 170 170 170
MCC 75 73.75 72.5 71.25 70 68.75 675 66.25 65
Croscarmellose sodium 1.25 25 BY5 5 6.25 75 8.75 10 11.25
Talc 2.5
Magnesium stearate 1.25
Total weight 250

Table 2 Tablet Preparation Batches From FF-S-SMEDDS (Freeze-Drying)

Ingredients Quantity (mg/tablet)
F1 F2 F3 F4 F5 F6 F7 F8 F9
FF (equivalent to 100 mg) 150 150 150 150 150 150 150 150 150
MCC 95 93.75 92.5 91.25 90 88.75 875 86.25 85
Croscarmellose sodium 1.25 2.5 3.75 5 6.25 75 8.75 10 11.25
Talc 2.5
Magnesium stearate 1.25
Total weight 250
Comparative solubility of FF in oils, surfactants and co-surfactants
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Evaluation of S-SMEDDS

Drug content

The FF content of S-SMEDDS was assessed and found
within acceptable range of 96-110% w/w, as indicated in
Table 4.

SEM analysis

Pure FF and prepared FF loaded SMEDDS were sub-
jected to SEM analysis to validate their morphological

Table 3 Solubility of FF

Sr. No. Medium Solubility (mg/ml)
Oils

1. Castor oil 0.35+0.20
2. Oleic oil 125+ 0.22
3. Virgin coconut oil 0.41 £ 0.65
4, Isopropyl myristate oil 1.14 + 0.03
5. Soybean oil 0.75 + 0.66
Surfactants

6. Tween 60 2.92 +0.21
7 Tween 80 3.54 + 0.43
8. Span 80 1.65 £ 0.65
Co-surfactants

9. PEG 400 0.42 +0.65
10. PEG 300 0.35+0.12
11. Transcutol HP 0.92 +0.15
12. Span 20 0.17 £ 0.76
13. PEG 400 0.56 +0.22

Table 4 Percentage Drug Content of SMEDDS Formulations
Sr. No.

Freeze-Drying
Drug Content (%w/w)

Spray-Drying
Drug Content (%w/w)

1 100.37 + 0.86 99.37 + 0.68
2 99.67 + 2.61 98.67 + 2.41
3. 98.63 + 1.85 97.96 + 1.47
4 101.53 + 2.00 100.21 + 1.69

characteristics and elucidate their structural features.
The SEM images revealed that the optimized FF-loaded
SMEDDS had smooth surfaces with a mixture of round,
oval, and rectangular particles. This technique effectively
revealed the surface structure and morphology of both pure
FF in addition to the Formulated FF-loaded SMEDDS. The
SEM images in Figures 2 and 3 depict the surface charac-
teristics of pure FF as well as FF-S-SMEDDS through two
methods for comparison.

X-ray diffraction

XRD analysis is valuable for examining the nature of a sub-
stance, regardless of whether it is in crystalline or amorphous
form. For pure FF, the X-ray diffraction pattern revealed
multiple distinct, intense peaks at specific 20 values, such
as 14.3°, 16.1°, and 22.2°, thus indicating its crystalline
nature. However, when FF was loaded into S-SMEDDS, the
peak intensities were markedly lower than those for pure FF.
This finding suggested that FF in the SMEDDS formulation
had transitioned into an amorphous state. This significant
decrease in peak concentrations provided insight into the
substantial increase in bioavailability and dissolution rates
observed with the FF-SMEDDS formulation.

The graph of freeze-dried S-SMEDDS showed decreased
peak intensities across various angles, thus indicating its
amorphous nature. This decrease in peak intensities was
associated with enhanced dissolution rates and increased
bioavailability of FF in the SMEDDS. Figures 4 and 5 show
the XRD results.

DSC study

Pure FF displayed an endothermic peak at 80.9°C, matching
its known melting point. In contrast, spray-dried S-SMEDDS
with FF showed an endothermic peak at 183.9°C, thus indi-
cating successful FF encapsulation within the formulation.
Similarly, the thermal analysis of pure FF, as illustrated
in Figures 6 and 7, exhibited a well-defined endothermic
peak at 80.9°C, aligning with FF’s melting point. However,
when FF was incorporated into freeze-dried S-SMEDDS, a

Figure 2 SEM images of pure FF and FF-S-SMEDDS prepared by spray-drying.
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Figure 3 SEM images of pure FF and FF-S-SMEDDS prepared by freeze-drying.
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Figure 4 XRD graphs of pure FF and FF-S-SMEDDS prepared by spray-drying.

slightly higher endothermic peak at 190.7°C was observed.
This slight alteration in the endothermic peak further
demonstrated the effective encapsulation of FF within the
formulation.

Saturation solubility study

FF has a low aqueous solubility of 0.707 pg/ml. In contrast,
the S-SMEDDS loaded with FF demonstrated a significant
solubility enhancement, reaching 2.1 pg/ml with spray-
drying and 4.5 pg/ml with freeze-drying. These enhance-
ments, illustrated in Figures 8 and 9, were attributed to the

amorphous nature of the formulations, which achieved nearly
3-fold and 58-fold increases in solubility, respectively.

In vitro dissolution study of
tablets prepared from FF-loaded
S-SMEDDS by spray-drying

A dissolution study conducted in pH 6.8 PBS buffer revealed
that S-SMEDDS tablets exhibited a notably faster drug
release profile than conventional tablets. Among the dif-
ferent formulations, the F9 batch displayed an exception-
ally rapid dissolution profile in 60 minutes. The immediate
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Figure 6 DSC thermogram of FF-API and FF-loaded SEMDDS prepared by spray-drying.

dissolution was attributed to two key factors: the existence
of S-SMEDDS loaded with FF and the inclusion of CCS, an
effective super disintegrating agent that was crucial for the
rapid disintegration of the tablet on contact with the release
medium. Simultaneously, the incorporation of S-SMEDDS
in the tablet was critical in enhancing FF solubility in the pH
6.8 PBS buffer. This increased solubility resulted in rapid
release of FF in the buffer. A side-by-side comparison of tab-
let dissolution profiles is provided in Table 5 and Figure 10.

In vitro dissolution study of
tablets prepared from FF-loaded
S-SMEDDS by freeze-drying

Tablets comprising lyophilized S-SMEDDS showed signif-
icantly faster FF release than conventional tablets. The F9
formulation exhibited exceptional instant release, with 100%
of the FF released in 40 minutes. The accelerated dissolution
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Figure 7 DSC thermogram of FF-API and FF-loaded SEMDDS prepared by freeze-drying.
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Figure 8 Saturation solubility of samples prepared by spray-drying.
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Figure 9 Saturation solubility of samples prepared by freeze-drying.

was attributed to the presence of both CCS and S-SMEDDS
facilitating rapid disintegration and enhancing FF solubility
in pH 6.8 PBS buffer. Detailed dissolution profiles are shown
in Table 6 and Figure 11.

Discussion

FF, a BCS class II drug with low aqueous solubility, poses
formulation challenges for effective drug delivery [14, 15].
In this study, various formulations of S-SMEDDS were
explored to enhance the solubility and dissolution rate of
FF, and increase its bioavailability. Solubility studies of FF
in different oils, surfactants, and co-surfactants revealed
significant variations in solubility across the tested media.
Notably, oleic oil, Tween 80, and Transcutol HP exhib-
ited the highest solubility among oils, surfactants, and co-
surfactants, respectively. These findings may aid in selecting
appropriate components for the formulation of S-SMEDDS
that directly affect drug solubility and subsequent dissolu-
tion behavior.

The evaluation of S-SMEDDS formulations, conducted
through drug content analysis, SEM imaging, XRD, DSC,
and saturation solubility studies, provided comprehensive
insights into the morphological characteristics and sol-
id-state properties of FF-loaded S-SMEDDS. SEM analysis
revealed the morphology of FF-loaded S-SMEDDS, which
displayed smooth surfaces with various particle shapes,
thus indicating successful encapsulation of FF within the
formulation. XRD analysis confirmed the transition of FF
from a crystalline state to an amorphous state within the
S-SMEDDS, thereby enhancing the dissolution rates and
bioavailability.

DSC studies further supported the successful encapsula-
tion of FF within the S-SMEDDS formulations, as evidenced
by altered endothermic peak temperatures with respect to
those for pure FF, thus indicating changes in the crystal-
line structure. Saturation solubility studies demonstrated
substantially greater solubility of FF-loaded S-SMEDDS
than pure FF; spray-dried and freeze-dried formulations
exhibited approximately 3-fold and 58-fold enhancements,
respectively. These enhancements were recognized near

A. P.Nikam et al.: DOI: 10.15212/bioi-2024-0010
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Table 5 Cumulative Percentage Drug Release from Tablets Compressed with Spray Dried Product
Time (min) Batch
F1 F2 F3 F4 F5 F6 F7 F8 F9 Conv.Tab
0 0 0 0 0 0 0 0 0 0 0
10 17.2 18.27 20.47 22.27 25.25 30.12 34.11 49.11 65.71 10.25
20 20.22 22.71 25.51 26.11 28.51 35.42 38.39 45.26 72.67 15.24
30 22.27 24.46 2718 30.12 35.34 39.67 43.27 50.12 80.25 19.27
40 25.9 28.89 32.34 35.45 37.21 42.28 46.19 65.25 89.09 22.25
50 30.12 32.51 35.44 39.98 42.34 45.51 50.09 72.89 92.28 27.41
60 32.41 35.44 38.51 42.27 48.11 50.71 54.34 86.11 100 30.12
70 35.44 39.11 43.21 4723 52.21 54.28 60.56 94.28 = 32.45
80 42.9 44 .47 52.21 55.11 59.51 62.13 65.21 100 = 36.52
90 48.54 52.51 55.71 60.24 64.11 67.09 74.65 = = 4211
100 50.55 55.7 59.56 63.11 67.67 72.81 85.9 = = 45.9
Comparative FF release from tablets
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Figure 10 Comparative cumulative percentage drug release from tablets compressed with spray dried product.

Table 6 Cumulative Percentage Drug Release from Tablets

Compressed with Freeze Dried Product

Time (min) Batch

F1 F2 F3 F4 F5 F6 F7 F8 F9 Conv. Tab

0 0 0 0 0 0 0 0 0 0 0

10 20.25 25.51 30.24 33.11 3742 40.16 43.34 46.46 49.51 10.25
20 25.3 28.42 35.67 37.51 43.26 46.51 49.9 53.21 62.23 15.24
30 28.29 35.46 39.65 42.67 48.9 51.51 55.71 60.67 79.11 19.27
40 34.11 40.11 45.87 49.26 54.2 57.47 60.21 72.26 100 22.25
50 35.51 43.67 48.21 53.71 60.2 66.2 70.97 85.11 27.41
60 42.11 47.45 55.67 62.11 65.26 71.71 75.2 94.2 30.12
70 47.9 52.89 60.9 65.89 69.11 76.24 82.67 100 32.45
80 51.18 57.41 63.71 68.12 72.87 80.82 85.11 36.52
90 55.46 60.11 66.29 72.27 78.65 85.9 88.46 42.11
100 60.31 65.34 71 78.9 85.23 89.11 93.45 45.9

the amorphous nature of the formulations and significantly
improved FF solubility.

In vitro dissolution studies of tablets prepared from
FF-loaded S-SMEDDS revealed significantly faster drug
release profiles than observed for conventional tablets. The

rapid dissolution was attributed to the incidence of S-SMEDDS
and the inclusion of super-disintegrating agents, which facili-
tated rapid disintegration and enhanced FF solubility.
Freeze-drying is favored over spray-drying for preparing
FF-loaded S-SMEDDS for several reasons. SEM analysis
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Figure 11

showed smoother surfaces and successful encapsulation
of FF, thereby indicating better preservation of structural
integrity. XRD analysis revealed a more pronounced tran-
sition of FF into an amorphous state with freeze-dried than
spray-dried formulations; this state was crucial for enhanc-
ing dissolution rates. Additionally, freeze-dried formulations
exhibited 58-fold greater solubility than spray-dried for-
mulations, owing to superior amorphous state preservation.
Hence, freeze-drying enables enhanced amorphous state
preservation and solubility, and therefore is best suited for
preparation of FF-loaded S-SMEDDS.

This research should be applicable to other BCS class 11
drugs beyond FF. The findings regarding formulation design,
solubility enhancement, and dissolution kinetics can be gen-
eralized to similar drugs with low aqueous solubility [28].
However, specific adjustments might be necessary according
to the physicochemical properties of the particular drug mol-
ecule. Overall, the principles and methods outlined in this
study provide a useful framework for increasing the bioavail-
ability of other BCS class II drugs.

The significant enhancement in solubility and dissolution
of FF was attributed to several key factors in the techniques
applied. First, the careful selection of optimal components,
including specific oils, surfactants (e.g., Tween 80), and
co-surfactants (e.g., Transcutol HP), were critical in enhanc-
ing FF solubility. Second, the formulation design, notably
the development of S-SMEDDS, facilitated efficient FF
incorporation, thus increasing FF solubility and dissolution.
Additionally, both freeze-drying and spray-drying tech-
niques effectively encapsulated FF within the S-SMEDDS,
thereby preserving drug integrity and enhancing bioavail-
ability. X-ray diffraction analysis confirmed FF’s transi-
tion from a crystalline to an amorphous state within the
S-SMEDDS, thereby further increasing dissolution rates.
Notably, freeze-dried formulations exhibited superior
dissolution rates, owing to the increased surface area. In
summary, the combined effects of optimal components, for-
mulation design, encapsulation techniques, and promotion

Comparative cumulative percentage drug release from tablets compressed with freeze dried product.

of an amorphous state together markedly enhanced FF solu-
bility and dissolution.

This study was aimed at overcoming the challenges associ-
ated with FF. By exploring various S-SMEDD formulations,
we sought to enhance FF’s solubility and dissolution rate, and
ultimately increase its bioavailability. Initial solubility inves-
tigations across various oils, surfactants, and co-surfactants
were conducted to select the optimal components for
S-SMEDDS formulation. Subsequent evaluations, including
SEM imaging, XRD, DSC, and saturation solubility studies,
provided insights into the morphology and solid-state proper-
ties of FF-loaded S-SMEDDS. The analyses confirmed suc-
cessful FF encapsulation and transition to an amorphous state
within S-SMEDDS, thus increasing dissolution rates and bio-
availability. Both spray-dried and freeze-dried formulations
exhibited significant enhancements in FF solubility and con-
sequently have potential for enhancing drug delivery. Finally,
in vitro dissolution studies indicated faster drug release pro-
files for tablets prepared from FF-loaded S-SMEDDS than
conventional tablets. Therefore, S-SMEDDS holds promise
for improving FF delivery, and this study lays the ground-
work for similar delivery of BCS class II drugs.

Overall, the outcomes from these investigations underscore
the importance of formulation design in augmenting the solu-
bility and dissolution kinetics of poorly soluble drugs such as
FF. The preparation process significantly influences the per-
formance of S-SMEDDS: freeze-dried formulations exhibit
higher dissolution rates because of increased surface area.
However, economic and environmental considerations must
also be considered, and spray-dried formulations offer poten-
tial advantages in terms of cost-effectiveness and sustainability.

Conclusion

The method used to prepare S-SMEDDS significantly affects
FF dissolution performance, including saturation solubility,
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surface area, and drug-polymer interactions. Freeze-dried
S-SMEDDS showed higher dissolution rates than spray-
dried S-SMEDDS, owing to increased surface area. The
solid-state characteristics depended on the polymer con-
centration and processing method. Whereas freeze-drying
enhanced dissolution, production costs must additionally be
considered. Alternatively using aqueous solvent mixtures in

spray-

dried S-SSMEDDS would offer economic and environ-

mental benefits.
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