AAPS PharmSciTech (2020) 21:145
DOI: 10.1208/s12249-020-01684-2

®

Check for
updates

Research Article

Stimulatory Effects of Soluplus® on Flufenamic Acid B-Cyclodextrin
Supramolecular Complex: Physicochemical Characterization and Pre-clinical

Anti-inflammatory Assessment

Sultan Alshehri,>*
Faiyaz Shakeel,! and Abdulhakeem Alshehri®

Syed Sarim Imam,' Mohammad A. Altamimi,' Afzal Hussain,'

Received 14 January 2020; accepted 11 April 2020

Abstract. The present study demonstrates the solubility and dissolution of flufenamic acid
(FLF)/B-cyclodextrin (p-CD)/Soluplus® supramolecular ternary inclusion complex. The
binary and ternary inclusion complexes were prepared using solvent evaporation and the
microwave irradiation method. The prepared inclusion complexes were evaluated for
physicochemical characterization and anti-inflammatory activity using a murine paw edema
mol. The phase solubility studies demonstrated 4.59-fold and 17.54-fold enhancements in
FLF solubility with 3-CD alone and B-CD:Soluplus® combination compared with pure FLF,
respectively. The in vitro drug release results revealed a significant improvement (P < 0.05) in
the release pattern compared with pure FLF. Maximum release was found with flufenamic
acid binary and ternary complexes prepared using the microwave irradiation method, i.e.,
7523 +3.12% and 95.36 +3.23% in 60 min, respectively. The physicochemical characteriza-
tion results showed complex formation and conversion of the crystalline form of FLF to an
amorphous form. The SEM study revealed the presence of a more agglomerated and
amorphous structure of the solid particles, which confirmed the formation of complexes. The
anti-inflammatory effect of the complex was higher than pure FLF. Therefore, the FLF:p-
CD:Soluplus® inclusion complex may be a very valuable formulation with improved
solubility, dissolution, and anti-inflammatory effect.

KEY WORDS: flufenamic acid; inclusion complex; anti-inflammatory activity; solubility enhancement;

Soluplus®.

INTRODUCTION

Flufenamic acid (FLF; Fig. 1a) is an anthranilic acid
derivative that is used as a nonsteroidal anti-inflammatory
drug (1). The chemical formula and molecular weight of FLF
are Ci4H;oF5NO,, and 281.22 g/Mole, respectively. It has
potent analgesic, antipyretic, anti-inflammatory activities, and
it is used in the treatment of rheumatoid arthritis, osteoar-
thritis, and other painful musculoskeletal conditions (2). FLF
acts via the inhibition of cyclooxygenase to prevent the
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formation of prostaglandins, and it activates transient recep-
tor potential cation channel C6 (3,4). The biopharmaceutical
classification system categorized FLF as a class II drug with
poor solubility and high permeability (2). It is readily soluble
in organic solvents, but it has poor water solubility of
0.0067 mg/mL at 22°C (5,6,7). FLF has the slightly bitter
taste and also high rate (30-60%) of gastrointestinal side
effects (8,9). There are numerous formulation approaches,
such as solid dispersion (10), polyvinyl pyrrolidone dispersion
(11), co-crystal (12), and inclusion complex (13), reported to
enhance its solubility.

Numerous studies reported the use of a cyclodextrin
complex to enhance the solubility of poorly water-soluble
drugs (14). Cyclodextrins (CDs) have two different surfaces,
i.e., a hydrophilic external surface and a hydrophobic internal
cavity. CD molecules have secondary hydroxyl groups on the
wider rim and primary hydroxyl groups on the narrow rim,
which create the hydrophilicity (15). Among the different
CDs, p-CD (Fig. 1b) is the most commonly used parent
cyclodextrin due to its large cavity size. It is most suitable for
complexing a drug with aromatic rings (16). The formation of
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Soluplus®

an inclusion complex with poorly soluble drugs increases drug
solubility, dissolution, and bioavailability. It also reduces the
gastrointestinal irritancy and masks the bitter taste (15,17).
The addition of auxiliary/ternary substances into the
inclusion complex that interact with the CD outer surface
ensures the formation of co-complexes, which may provide
greater stability constant, complexation efficiency, physi-
cochemical properties, and drug transport compared with
binary complexes (18). Soluplus® (Fig. 1c) is a polymeric
solubilizer with an amphiphilic nature (19). It has a low
critical micellar concentration of 0.76x107” w/v and
0.8 mg/mL in water (20,21). Soluplus® is soluble in water
and exhibits a greater solubility in many organic solvents
(22). It helps in maintaining stability by reducing crystal
nucleation and growth (23,24). Soluplus® may be used in
the formulation of inclusion complexes to achieve higher
solubility, dissolution, and bioavailability (25). It also helps
in the formation of poly(pseudo) rotaxane with CDs and
their derivatives (21). The literature reports prolonged
drug permeation at the application site with the use of the
combination of amphiphilic copolymers and CDs (26,27).
Over the years, researchers demonstrated that the use of
Soluplus® (as ternary substance) with CDs enhanced the
solubility and in vivo drug absorption of insoluble drugs.
A flurry of research studies were published on the
improvements in solubility and dissolution with the
combination of Soluplus® and CDs for drugs, such as
Carvedilol (21), itraconazole (22,25), tacrolimus (24),
Natamycin (26), carbamazepine (28), and docetaxel (29).
These studies reported that the addition of Soluplus® in
the inclusion complex as a ternary substance significantly
enhanced drug solubility, dissolution, and bioavailability.
The hypothesis of the present work was designed to enhance
the solubility of FLF with the addition of p-CD and Soluplus®.
FLF is a BCS class II category drug and shows poor water
solubility, dissolution, and bioavailability. It may also undergo
precipitation due to first-pass metabolism. Improvements in the
solubility, dissolution, and inhibition of drug precipitation may
enhance the bioavailability. The current study prepared FLF

binary and ternary inclusion complexes. The prepared complexes
were characterized in a solubility study, dissolution study, solid-
state characterization, NMR spectroscopy study, and an in vivo
paw edema anti-inflammatory activity in a murine model. To the
best of our knowledge, the effects of Soluplus® on the FLF:3-CD
complex were not examined. Therefore, the present study may
have greater significance in the future for the formulation of
ternary FLF complexes using 3-CD and the Soluplus® blend.

MATERIAL AND METHODS

Materials

Flufenamic acid (FLF; purity 99.5%) was purchased
from Sigma Aldrich (St. Louis, MO, USA), and Soluplus®
(118,000 g/mol) was received as a gift sample (BASF SE,
Germany). Beta-cyclodextrin (3-CD) was obtained from
Sigma, Germany. Sodium CMC was obtained from BDH
Chemicals Ltd., England. All other chemicals used were of
analytical grade.

Methods

Phase Solubility Studies

These studies were performed to select the stoichi-
ometry of FLF - B-CD and FLF - B-CD - Soluplus® using
the described method by Higuchi-Connors (30). Briefly,
different concentrations of pB-CD solutions (2-12 mM)
were prepared, and an excess quantity of FLF was added
to the solution. Similarly, B-CD solutions (2-12 mM) with
the addition of Soluplus® (0.006 mM) concentration were
prepared, and excess of FLF was added the solution. The
flasks were kept on a mechanical shaker for 72 h, and the
temperature of the study was maintained at 25°C. The
supernatant was collected from the flasks and filtered
using a membrane filter (0.22 um). FLF content (n=3)
was analyzed using a UV spectrophotometer at 286 nm.
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Table I. Formulation Design of Flufenamic Acid Inclusion Complex Using Different Methods

Flufenamic binary complex (mM ratio)

Flufenamic ternary complex (mM ratio)

Physical mixture  Solvent evaporation = Microwave irradiation

Physical mixture Solvent evaporation Microwave irradiation

FLF:p-CD FLF:p-CD FLF:3-CD
1:1 1:1 1:1

FLF:3-CD:Soluplus®  FLF:3-CD:Soluplus®  FLF:p-CD:Soluplus®
1:1:0.006 1:1:0.006 1:1:0.006

The stability constants (Kc) were also calculated from the
phase solubility graph using the following formula:

KcOslope/So (1-slope) (1)

where Kc= stability constant; So = solubility of FLF in water.

Complexation efficiency (CE) was also calculated to
determine the capacity of CDs to form an inclusion complex
with hydrophobic drugs. It was calculated using the formula:

CEOslope/(1-slope) (2)

Binary and Ternary Complex Formulation

The complexes between FLF - 3-CD and FLF - 3-CD -
Soluplus® were prepared using two different methods
(solvent evaporation (SE), microwave irradiation (MI)). The
previously sieved (#80 mesh) powder samples were weighed
for the binary complex (FLF - p-CD) and the ternary
complex (FLF - B-CD - Soluplus®) were used to prepare
the supramolecular complex (Table I).

Physical Mixture

The binary physical mixture (FLF - 3-CD) and ternary
physical mixture (FLF - 3-CD - Soluplus®) were prepared via
a thorough mixing of each component. Accurately weighed
quantities of samples were triturated and mixed thoroughly in
a mortar and pestle (Table I). The prepared physical mixtures
(760 mg) were again sieved through #80 mesh and kept in a
desiccator for further use.

Solvent Evaporation Method

The FLF-BCSE and FLF-TCSE were prepared using the
SE method using FLF and carriers as shown in Table I. The
calculated and weighed amount of FLF was dissolved in
ethanol, and p-CD was dissolved in water (ethanol:water,
1:1 v/v, 4 mL). The p-CD solution was added slowly to the
FLF-ethanol phase with continuous stirring. The solvent was
evaporated until a dried mass was formed and further kept in
a vacuum oven at a temperature of 50°C for 48 h for the
complete removal of solvents (31). Similarly, FLF-TCSE was
prepared with the addition of Soluplus® to the FLF p-CD
complex. The prepared powder samples were dried, milled,
and passed through a sieve (#80 mesh) to get a uniform, fine
particle, which was stored in desiccator for further use.

Microwave Irradiation Method

Accurately weighed samples of FLF:3-CD (FLF-BCMI)
and FLF:p-CD:Soluplus® (FLF-TCMI) were taken in a
beaker (Table I). The weighed quantity of drug and carrier
for the binary complex were added to ethanol:water (1:1 v/v,
4 mL) to make a homogenous paste. The prepared sample
was kept in a microwave oven (Samsung MEO0113M1;
Malaysia) for microwave irradiation at 700 W and 50°C for
4 min (32). Similarly, FLF-TCMI was prepared with the
addition of Soluplus® to the FLF R-CD complex. The
samples were collected and allowed to cool at room
temperature. The dried sample was milled and sieved through
a #80 mesh to get a uniform and fine-sized sample, which was
stored in a desiccator for further use (33).

Solubility Studies

The solubilities of FLF, FLF-BPM, FLF-TPM, FLF-
BCSE, FLF-BCMI, FLF-TCSE, and FLF-TCMI were per-
formed in 0.1N HCI and water. Briefly, weighed samples
were added to the measured volume of 0.1N HCI and water
in a conical flask. FLF suspensions were mechanically
shaken for 72 h at 25°C and filtered through the membrane
filter. The samples were diluted, and the absorbance was
measured at 286 nm using a spectrophotometer in triplicate
(n=3).

In Vitro Drug Release Studies

These studies were performed for pure FLF, FLF-
BPM, FLF-TPM, FLF-BCSE, FLF-BCMI, FLF-TCSE, and
FLF-TCMI to evaluate FLF release. The study was
performed using dissolution media 0.IN HCl (pH 1.2;
900 mL) at a temperature of 37 +0.5°C with 100 rpm (34).
The samples containing FLF (equivalent to 10 mg) and
pure FLF (10 mg) were placed into the release medium.
The released samples (5 mL) were removed from the
flask at fixed time intervals and replenished with the same
volume. The samples were filtered, diluted, and quantified
for FLF content at 286 nm using a spectrophotometer.
The release profile was further used to check the release
mechanism via plotting of the data into different release
kinetic models using PCP Disso V3 software (Bharati
Vidyapeeth Deemed University, Pune, Maharashtra, In-
dia). The data showed the best linear fit, and the highest
R? value was selected as the kinetic model (35,36). The
similarity factor (f;) calculated from Eq. (3) was used to
compare the resulting release profiles (37).
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Similarity factor050 x Log {1 + (l> ZZOln(Rtht)z} % 100(3)
n

where Rt and Tt were defined as API % dissolved at time ¢, the
reference (R) and test samples (7). The release profiles were
considered equal when f, was higher than 50. The average
difference between the two profiles at all-time points was > 10%.

Differential Scanning Calorimetry

The transformations of drugs that changed during the
formulation were evaluated using DSC (Perkin Elmer 8000;
Shelton, CT, USA). The drug (pure FLF), carriers (3-CD,
Soluplus®), and prepared formulations (FLF-TPM, FLF-
TCMI, and FLF-TCSE) were examined for transformations
in state. The samples (~ 2.0 mg) were taken in an aluminum
pan and scanned at a heating rate of 10°C/min in the
temperature range of 55-310°C.

X-ray Diffraction

The drug (pure FLF), carriers (3-CD, Soluplus®), and
prepared formulations (FLF-TPM, FLF-TCMI, and FLF-
TCSE) were performed to assess the drug transformation.
The changes in the peak intensity and the representative
diffraction peaks were evaluated using X-ray diffractometer
(Ultima IV diffractometer, Rigaku, Japan).

Fourier Transformed Infrared Spectroscopy

This study was performed to check the formation of
complex by evaluating deviations in peak shape, position, and
intensity. The spectra of the drug (pure FLF), carriers (3-CD,
Soluplus®), and prepared formulations (FLF-TPM, FLF-
TCMI, and FLF-TCSE) were evaluated using an IR spectro-
photometer (ATR-FTIR, Bruker Alpha, Germany). The
samples were scanned in the range of 450-4000 cm !, and
an interpretation of spectra was performed to check any
conformational changes.

Nuclear Magnetic Resonance

Quantitative analysis was used to determine the molec-
ular conformation and physical properties of the pure
compounds and their formulations. The purity and interac-
tions between drug (pure FLF), carriers (3-CD, Soluplus®),
and prepared formulations (FLF-TPM, FLF-TCMI, and FLF-
TCSE) were assessed using '"H NMR (700 MHz) and *C
NMR (125.6 MHz; Bruker NMR; software topspin 3.2)
studies. The study was performed using deuterated dimethyl
sulfoxide using tetramethyl silane as an internal standard.

Scanning Electron Microscope

The surface morphologies of drug (pure FLF), carriers
(B-CD, Soluplus®), and prepared formulations (FLF-TPM,
FLF-TCMI, and FLF-TCSE) were evaluated using a JSM
6360A microscope (JOEL, Tokyo, Japan). A thin layer of
gold was used to coat the samples, which were visualized
under an electron microscope to check morphology.
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Anti-inflammatory Activity

The activity of pure FLF and FLF-TCMI was examined
using a carrageenan-induced rat paw edema method (38,39). The
protocol for these studies was reviewed and approved by the
“Animal Ethics Committee of King Saud University, Riyadh,
Saudi Arabia (approval number KSU-SE-19-19).” Eighteen male
Wistar rats (weight 220-250 g) were procured from the “Phar-
macy Experimental Animal Care Center (King Saud University,
Riyadh, Saudi Arabia).” The animals were divided into three
different groups: group I (control), group I (FLF-TCMI), and
group III (pure FLF). Each group contained six rats (n=6). All of
the rats were housed together in a standard animal room with free
access to “Lipton feed and water ad libitum.” Paw edema was
induced using (0.1 mL) a carrageenan injection (1.0% w/v), which
was injected subcutaneously into the left hind paw (2). The
animals were fasted overnight before receiving any treatment.
The samples were prepared in a sodium carboxy methyl cellulose
(Na-CMC) suspension (0.1% w/v), which was administered orally
via gavage. Paw edema was evaluated at different time intervals
to investigate the anti-inflammatory efficacy. Thirty minutes after
carrageenan injection, pure FLF and FLF-TCMI (10 mg/kg) were
administered orally (2). The paw volumes before (0 h) and after
carrageenan injection (1, 2, 4, and 6 h) were measured using a
“Digital Plethysmometer (Ugo, Italy).” The anti-inflammatory
activity of pure FLF and FLF-TCMI was determined as per
reported in the literature (39).

Statistical Analysis

The values for the anti-inflammatory studies are
expressed as the means + SD of six independent experiments.
Comparisons were performed using Student’s ¢ test in MS
Excel 2016, and the value of P 0.05 was taken as the
significance value.

RESULTS AND DISCUSSION

Phase Solubility Studies

The phase solubility diagrams of the binary and ternary
system were evaluated, and the results showed an Aj-type graph
(Fig. 2). The best stoichiometric ratios were found between FLF:(3-
CD (1:1) and FLF:p-CD:Soluplus® (1:1:0.006). The binary
complex showed a Kc value of 25547 M and CE of 4.59, and
the ternary complex depicted a Kc value of 97549 M with CE of
17.54. These values confirm the formation of a stable complex and
improved the complexation efficiency of p-CD. Complexes with Kc
values between 100 M ! and 1000 M 'represent ideal complex
formation. Less than 100 M ! represents unstable drug/CD
complexes, and greater than 1000 M ' may deleteriously affect
the absorption of the drug (40). The presence of Soluplus® in the
complex enhances the effect via externally adhering to the CD
surface, which helps in the formation of a co-complex that could
lead to higher Kc values (41).

Solubility Studies

The reported solubilities of pure FLF were 9.09 pg/
mL and 48.6 pg/mL in water and 0.1N HCI, respectively
(12,42). Alshehri et al. also reported a solubility ~9.1 pg/
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Fig. 2. Phase solubility of binary complex (FLF with 3-CD) and ternary complex (FLF

with 3-CD and Soluplus®)

mL in water at room temperature (7). The solubility of
pure FLF was 7.8+0.0011 pg/mL in water and 45.1+
0.0047 pg/mL in 0.IN HCl (pH 1.2) in our study. The
findings of the present study are closer to the reported
values in the literature. The solubility of FLF in binary
and ternary complexes increased significantly compared
with pure FLF. The binary complexes prepared using the
SE and MI methods showed 9.23- to 14.42-fold enhance-
ment in aqueous solubility and 8.11- to 15.73-fold en-
hancement in 0.1N HCI (pH 1.2). The ternary complex
showed 23.12- to 31.65-fold solubility enhancement in
water and 20.11- to 35.34-fold enhancement in 0.1N HCI

(pH 1.2). The addition of Soluplus® with B-CD in the
ternary inclusion complex produced a noticeable synergis-
tic effect in increasing the solubility compared with the
binary complex. Among the different FLF complexes, the
FLF complex prepared using the MI method showed the
highest solubility for binary and ternary systems. The
addition of a ternary substance in the drug CD complex
induces an interaction with the hydrophobic portion of -
CD. The direction of the hydrophilic part of Soluplus®
towards the drug and CD decreases the surface tension
and leads to enhanced aqueous solubility (43).

100.0
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e 2 2
s = =

Cumulative drug release (%)
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Fig. 3. In vitro drug release profile of pure FLF, physical mixture (binary and ternary),
binary inclusion complex (SE and MI), and ternary inclusion complex (SE and MI). Values
are presented as means + SD with triplicates
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In Vitro Drug Release

A sink condition is the ability of the release media to dissolve a
drug at least three to four times the total sample (44). The release
study was performed in 0.1V HCI, and the practical solubility of
FLF was 45.1 mg/L. Improvements in release were found in the
following order: FLF-TCMI > FLF-TCSE > FLF-BCMI > FLF-
BCSE > FLF-TPM > FLF-BPM > pure FLF (Fig. 3). Pure FLF
showed a poor drug release profile of 26.12+1.12% in 60 min.
FLF-BPM showed 38.11 + 3.12% release in 60 min, and FLF-TPM
showed 44.86 +£2.34% release in 60 min. The enhancement in
release may be due to the improvement in the solubility of FLF in
the presence of Soluplus® as a ternary substance in the physical
mixture (45). FLF-BCSE and FLF-BCMI showed 69.48 +3.23%
and 75.18 + 3.11% FLF release, respectively, which are significantly
higher than pure FLF, and binary and ternary physical mixtures.
The higher FLF release may be due to the partial entrapment of
drug molecules inside the B-CD torus and hydrophilic nature (46).
FLF-TCSE and FLF-TCMI showed 88.95+2.89% and 95.12 +
4.21% release in 60 min, respectively.

This finding may be due to the addition of Soluplus® as a
ternary substance. The presence may help achieve better inclusion,
complexation efficiency, and amorphization by microwave rays,
which led to enhanced drug release (95.12+4.21%) within the
examined period of time. Notably, there was a slight difference in
drug release (6.17%) between the TCSE and TCMI methods. The
inclusion complex prepared using the MI method showed greater
release than the SE method. The microwave penetration allows the
production of heat throughout the sample at the same rate, which
results in uniform volumetric heating. This methodology provides
better intimate contact of FLF with Soluplus® and 3-CD (36,46).

The formulation was also evaluated for Tsge, and Toge,,
and the results are depicted in Table II. FLF-TCSE and FLF-
TCMI showed T5g9, in less than 6 min., and FLF-BCSE and
FLF-BCMI showed Tsgo, values 14.2 and 8.8 min, respec-
tively. The Ty, value of FLF-TCMI occurred at 28.22 min
only. The release data were fitted to different release kinetics
model, and the correlation coefficient (R?) values were
maximum for first-order kinetics (Table II). The similarity
factors f, were calculated and compared with each other to
identify significant differences. The release curves for the
binary complex showed f, values less than 50. The addition of
Soluplus® in the ternary complex showed f, values greater
than 50, which confirms that all of the curves were different
from pure FLF.

AAPS PharmSciTech (2020) 21:145

Differential Scanning Calorimetry

Differential scanning calorimetry was used to confirm
complex formation of FLF with B-CD and Soluplus®, as
depicted in Fig. 4. The thermal curve of pure FLF and p-CD
showed sharp endothermic peaks at 134.66°C (area=
481.497 mJ) and 298.34°C (area=495.652 mJ), respectively,
which are analogous to their melting points. The endothermic
peak of FLF retained the same temperature of 134.46°C in
TPM, but the peak area was significantly reduced (area=
105.603 mJ). The change in the endothermic peak was due to
a weak or no interaction between FLF, p-CD, and Soluplus®
in FLF-TPM (47). FLF-TCSE and FLF-TCMI also showed
very short and broad endotherm peaks at 133.37°C (area=
18.213 mJ) and 133.69°C (area 34.177 mJ), respectively. The
area and delta H was significantly reduced in both samples
compared with FLF-TPM. This result may be due to the
higher solubility of FLF and conversion to an amorphous
form in the presence of 3-CD and Soluplus®. The FLF-TCSE
and FLF-TCMI ternary complexes also showed a decrease in
the dehydration enthalpy. Substitution of the water molecules
in the p-CD cavity from FLF-TCSE and FLF-TCMI altered
the energy states of these preparations. The presence of
Soluplus® in the formulation facilitated the exchange of
water molecules due to its hydrophilic nature.

X-ray Diffraction

The crystallinity of FLF in the inclusion complex was
determined via comparisons of the characteristic peaks and
peak intensities of pure FLF and the FLF inclusion com-
plexes. The diffractograms of the drug (pure FLF), carriers
(B-CD, Soluplus®), and prepared formulations (FLF-TPM,
FLF-TCMI, and FLF-TCSE) are shown in Fig. 5. The FLF
diffractogram showed characteristic peaks at diffraction
angles of 17.9°, 19.0°, 24.6°, 27.5°, and 30.8°, which indicates
its crystalline property (10). FLF-TPM showed a partial loss
of the crystalline nature of FLF with low peak intensities.
However, the ternary complexes FLF-TCMI and FLF-TCSE
showed marked changes in peak intensities and patterns. The
sharp peaks transformed into small and broad peaks.
Changes in the peaks were due to the conversion of
crystalline FLF into an amorphous state with the SE and MI
methods.

Table II. Release Kinetics Model of Flufenamic Acid Physical Mixture and Inclusion Complex

Release model FLF-BPM FLE-BCMI FLF-BCSE FLE-TPM FLF-TCMI FLF-TCSE
Zero order model 0.8712 0.8910 0.8692 0.8344 0.9265 0.8932

1st order model 0.9167 0.9817 0.9782 0.9332 0.9478 0.9797
Matrix model 0.7607 0.8445 0.8322 0.8143 0.6715 0.9029
Peppas model 0.8847 0. 8688 0.9126 0.8870 0.8987 0.9883
Hix.Crow. model 0.8427 0.7677 0.8604 0.9237 0.9012 0.7376
Ts09, (min) - 8.8 min 14.2 min - 4.1 min 5.8 min
Tooo, (min) - - - - 29.2 min -

FLF, flufenamic acid; BPM, binary physical mixture; 7PM, ternary physical mixture; BMI, binary microwave irradiation; TMI, ternary
microwave irradiation; BSE, binary solvent evaporation; 7SE, ternary solvent evaporation
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Fig. 4. Differential scanning calorimetry of flufenamic acid, p-CD, Soluplus®, ternary
physical mixture, ternary inclusion complex (SE), and ternary inclusion complex (MI)

Fourier Transformed Infrared Spectroscopy

The characteristic IR frequencies of the drug (pure FLF),
carriers (R-CD, Soluplus®), and prepared formulations (FLF-
TPM, FLF-TCMI, and FLF-TCSE) with the chemical bonds
responsible for the corresponding stretching frequencies are
depicted in Fig. 6. FLF showed a spectral peak for N-H
stretching (3313.59 cm™') and the characteristic carboxylic

frequencies for p-CD were identified at 3277.42, 1020.04,
and 1413.18 cm ™', which reflect the stretching vibration of O
H and C-O-C and the bending vibration for the CH, moiety.
C-O stretching of the secondary alcohol was recorded in the
region of 1149.51 cm™'. The most distinct peaks for Soluplus®
were the stretching vibration at 2923.10 cm ' for tertiary
nitrogen and 1731.97 cm ™ for the carbonyl moiety. A cluster
of other peaks were observed at 1627.90, 1236.08, and

Intensity (cps)
140004
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Fig. 5. X-ray diffraction spectra of flufenamic acid, p-CD, Soluplus®, ternary physical
mixture, ternary inclusion complex (SE), and ternary inclusion complex (MI)

acid stretching peak at 2863.87 cm™'. Other peaks were also
observed at 1656.00 cm ' for C=C stretching and
1024.80 cm™! for C-F stretching. The characteristic

1025.17 cm™! for ester, alcohol, and the C-O-C moiety,
respectively. A bending vibration was also observed at
1431.24 cm ™! for the CH, moiety in the carrier.
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Fig. 6. Infrared spectra of flufenamic acid, B-CD, Soluplus®, ternary physical mixture, and

ternary inclusion complex (SE and MI)

The ternary physical mixture (FLF-TPM) and ternary
inclusion complexes (FLF-TCSE and FLF-TCMI) showed the
presence of a carboxylic acid hydroxyl peak, as observed with
pure FLF. There was a slight variation in the peaks for C=C
and NH stretching, which corresponded to 1652.55 and
3316.56 cm ', respectively. The peaks for C-O—C stretching
vibrations occurred at 1025.76 cm™' and 1249.15 cm ™' from
the used carriers. Further CH, bending vibrations were
observed at 1419.70 cm '. Stretching vibrations at the
1024.80 and 3313.59 cm ' peaks were also observed for C-F
and NH in FLF-TCMI. FLF-TCSE also exhibited the
presence a C-F peak, but a slight deviation in the stretching
of NH peaks at 3312.37 cm™' was observed.

Carrier peaks were also observed at 1327.60 and
1332.98 cm™ ! for the CH, bending vibration, and C=C
stretching vibrations occurred at 1656.41 and 1656.00 cm
for FLF-TCSE and FLF-TCMI, respectively. The C-O-C
stretching peaks were absent in FLF-TCMI but present in
FLF-TCSE at 1023.08 cm . These results confirmed that
FLF-TCMI showed enhanced solubility compared with FLF-
TPM and FLF-TCSE. The above spectral studies also showed
no interaction between pure FLF and carriers.

Nuclear Magnetic Resonance

The '"H-NMR and '*C NMR spectra of pure FLF, FLF-
TPM, FLF-TCMI, and FLF-TCSE were studied to analyze
the interactions between pure FLF and carriers (3-CD and
Soluplus®) using the chemical shift (J), as depicted in
Fig. 7a, b. The § values of "H NMR spectra of pure FLF
(Fig. 7a), p-CD (Figure Sla), and Soluplus® (Figure S1b),
were compared with FLF-TPM, FLF-TCMI, and FLF-TCSE.

In '"H NMR spectra (Fig. 7a), the § values of pure FLF,
-CD, and Soluplus® were compared with prepared samples
of FLF-TPM, FLF-TCMI, and FLF-TCSE. The 'H NMR
spectrum of FLF in DMSO-d6 exhibited a marked deshielded
singlet at 13.21 ppm, which was ascribed to the carboxyl
proton at the C-6 position. The aromatic 8H carbon at C-2, 3,

4,5,9, 11, 12, and 13 exhibited multiplet peaks at 6.89-7.95,
and a singlet peak was also observed for the NH at position 1,
with a ¢ value of 9.69 ppm.

In contrast, the complexes FLF-TPM, FLF-TCMI, and
FLF-TCSE revealed absolutely unnoticeable changes in the
chemical shift values of aromatic rings and nitrogen peak (-
NH), with a multiplet § value of 6.89-7.95 ppm and a singlet
peak of 6 9.69 ppm, respectively. A minor change was
observed for the carboxylic peak (-COOH) at 6 values of
13.20 for FLF-TPM, 13.23 for FLF-TCMI, and 13.22 ppm for
FLF-TCSE. The presence of carboxylic peaks in formulations
was also confirmed in IR spectral values. The slight variation
may be due to the presence of the used carrier in the
inclusion complex. The "H NMR results of FLF-TCMI and
FLF-TCSE showed that the p-CD and Soluplus® peaks
underwent immense alterations, which indicates its impor-
tance in the solubility amplification of FLF. The broad cyclic
heptane peak at § 1.66-1.93 ppm of Soluplus® and singlet
peak at 6 2.41 ppm for the hydroxyl group of B-CD were also
present in complexes with a slight deviation at ¢ 2.51 ppm,
which is also consistent with the IR spectral values. This
result supports the important role of the interaction of cyclic
heptanes and hydroxyl groups in the complex formation that
leads to enhanced FLF solubility. The presence of the
carboxylic group of pure FLF and the hydroxyl group of p-
CD in complexes with slight chemical shifts also indicates the
formation of complexes. The aromatic protons of FLF
showed a significant upfield shift in the presence of R-CD.
The presence of a hydroxyl group in complexes indicates that
the C-2 protons of FLF are located in close proximity to the
oxygen atoms in the B-CD cavity, which is rich in electrons
(47,48). Furthermore, the presence of p-CD glucose peaks at
d 5.74-3.31 ppm was also observed in complexes with minor
changes in chemical shift values, which confirms the forma-
tion of complexes.

n C NMR (Fig. 7b), extra peaks were observed for
FLF-TCSE with ¢ values of 60.78 and 72.18 ppm and FLF-
TCMI with a ¢ value of 56.50, which may be due to 3-CD or
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Soluplus®. A slight variation was observed for FLF-TCMI
and FLF-TCMI with ¢ values of 40.44 and 40.45 ppm, in
contrast to B-CD and Soluplus®. The above peaks were
missing in FLF-TPM. In conclusion, we propose that the *C
NMR spectra of FLF-TCMI and FLF-TCSE support modifi-
cation in the arrangement of molecules to intensify the
solubility of pure FLF.

The NMR spectra, IR spectra, DSC thermograms, and
XRD images confirm the formation of complexation. There
was a chemical shift in the NMR study, and IR studies
revealed modification in the inclusion complex spectra. DSC
and XRD revealed the conversion of FLF from a crystalline
state to an amorphous state in the inclusion complex. The
stability constant, solubility, and dissolution results also
confirmed the formation of complexes. There were signif-
icant enhancements in solubility and dissolution from the
inclusion complex.

Scanning Electron Microscopy

Figure 8 illustrates the SEM micrographs of FLF, 3-CD,
Soluplus®, FLF-TPM, FLF-TCMI, and FLF-TCSE. FLF
showed an easily identified defined shaped crystal (Fig. 8a).
The images of B-CD (Fig. 8b) and Soluplus® (Fig. 8c)
showed amorphous particles that resembled a spherical ball
(31). FLF-TPM showed the presence of FLF crystals mixed
with the particles of 3-CD (Fig. 8d). The size of the crystals
was reduced due to processing, but some agglomerates were
observed with sparse unmodified FLF crystals. The FLF-
TCMI and FLF-TCSE prepared using the SE and MI
methods showed an absence of FLF crystal structure. The

presence of more agglomerated and amorphous structures
confirmed the formation of complexes (Fig. 8e, f).

Anti-inflammatory Activity

FLF is a water-insoluble drug that shows poor dissolution
and bioavailability. Due to first-pass metabolism, FLF may
undergo precipitation in the small intestine. Therefore, the
anti-inflammatory activity was assessed for the selected
inclusion complex formulation (FLF-TCMI) on the basis of
its maximum solubility and dissolution. The in vivo anti-
inflammatory efficacies of FLF-TCMI compared with pure
FLF are presented in Fig. 9. The anti-inflammatory activity of
pure FLF and FLF-TCMI increased over time. The anti-
inflammatory activity of FLF-TCMI in terms of percent
inhibition was 67.63 +3.18% compared with pure FLF at
43.06 +3.27% 6 h after oral administration. There was a
significant difference in the percent inhibition between FLF-
TCMI and pure FLF (P<0.05). The anti-inflammatory
activity of FLF-TCMI was not significantly different than
pure FLF (P 0.05). After 2, 4, and 6 h, this effect was
found to be significant to pure FLF 1 h after oral
administration (P <0.05). The enhanced anti-inflammatory
effects may be due to the fast absorption of FLF from
TCMI. The presence of solubility enhancers (p-CD and
Soluplus®) in the complex leads to higher solubility and
biological activity. The anti-inflammatory activity of FLF-
TCMI may be due to the inhibition of different mediators
associated with inflammation, such as prostaglandins and
pro-inflammatory cytokines (49).
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CONCLUSION

The present research successfully demonstrated the
formulation of FLF:3-CD and FLF:3-CD:Soluplus® inclusion
complexes using SE and MI methods. Improved apparent
stability constant (Kc) and complexation efficiency (CE) were
observed for B-CD with the addition of Soluplus®, which
indicates the formation of a stable complex. Soluplus® was
positioned on the outer surface of the complex and showed
improved solubility and release. The DSC and XRD tech-
niques confirmed the transformation of the FLF state from
crystalline to amorphous. The IR and NMR spectra revealed
the formation of a stable complex via bridging between FLF
and B-CD. The in vivo anti-inflammatory activity results
revealed significantly enhanced biological activity in the
animal model. Therefore, the results of our study support
the use of Soluplus® as an auxiliary substance to improve
drug solubility and dissolution.
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