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Significantly improving the
solubility and anti-inflammatory
activity of fenofibric acid with
native and methyl-substituted
beta-cyclodextrins via
complexation
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The solubility of commonly used anti-inflammatory drugs has become a significant concern in
contemporary medicine. Furthermore, inflammatory arthritis stands out as the most prevalent chronic
inflammatory disease globally. The disease’s pathology is characterized by heightened inflammation
and oxidative stress, culminating in chronic pain and the loss of joint functionality. Fenofibric acid (FFA)
exhibits notable anti-inflammatory potential. This research assesses the anti-inflammatory effects of
FFA, both in its standalone form and as inclusion complexes (ICs) with B-cyclodextrin and its methyl
derivatives. FFA is encapsulated within the cavities of cyclodextrins (CDs), a fact confirmed by spectral
changes observed in FFA. Distinct rock and seed-like morphologies are apparent for FFA with CDs,
indicating that the CDs have influenced the surface of the guest. The introduction of CDs significantly
enhances the thermal stability of FFA. ICs demonstrate superior results in inflammation activity
compared to FFA alone. The efficacy of FFA complexed with CDs in mitigating inflammation positions it
as a promising new drug. Additionally, our findings reveal that incorporating FFA into the CD cavity as a
drug release system enhances the pharmacological profile of this substance, FFA.

Keywords Fenofibric acid, Beta-cyclodextrins, Complexation, ROESY analysis, Anti-inflammation, MTT
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The body initiates inflammation in response to tissue damage, to restore the integrity of the injured tissue
through various mechanisms of induction, regulation, and resolution. Regardless of the triggering stimulus, this
response is crucial for reinstating homeostasis and serves a significant physiological function!2. Non-steroidal
anti-inflammatory drugs (NSAIDs) rank among the most widely used medications globally. Primarily employed
to alleviate both short- and long-term pain, mitigate inflammation, and lower fever, they achieve these effects
by inhibiting the cyclooxygenase enzyme?. However, despite their efficacy, NSAIDs are linked to a diverse array
of well-established side effects, largely attributable to their limited solubility and, consequently, exhibit dose-
dependent adverse reactions®.

For a drug to be absorbed by the body, it must be in solution. However, the limited solubility of compounds
with poor water solubility can lead to reduced drug absorption. This, in turn, necessitates higher dosages and
may contribute to the emergence of side effects due to variations in individual absorption. Consequently,
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addressing the solubility challenges of poorly soluble drugs stands as a critical concern in drug formulation®.
Nevertheless, the limited solubility of NSAIDs, often associated with low bioavailability, imposes constraints on
their application in topical and parenteral contexts. Strategies to enhance the water solubility of NSAIDs include
incorporating surface-active agents and forming water-soluble salts. To augment dissolution and absorption
rates, techniques such as improving wettability and micronizing drug particles are frequently employed to boost
the bioavailability of poorly water-soluble NSAIDs®’. A novel approach involves using deep eutectic solvents
(DESs) as environmentally friendly solvents for dissolving NSAIDs®°. While salt formation remains a common
and effective method to improve the solubility and dissolution rate of acidic and basic drugs>'®!, not all
active pharmaceutical ingredients (APIs) can yield multidrug salts. Despite these efforts, achieving the desired
outcomes has not always been successful. In recent years, there has been a focus on utilizing and developing
various macromolecules to enhance the solubility of NSAIDs and mitigate their side effects'?~!*. Nonetheless, a
growing body of evidence has indicated that these medications can lead to substantial toxicity'®. Consequently,
the task of developing novel, safe, and productive anti-inflammatory drugs continues to pose a challenge!®.

To address the challenges associated with poor solubility or bioavailability of certain drug molecules, the
focus often shifts toward strategies aimed at enhancing their stability and effective delivery. One such approach
involves the use of cyclodextrins (CDs), which have gained significant attention for their ability to improve the
solubility of poorly soluble drugs'’-'°. CDs are cyclic oligosaccharides that are well-regarded for their capacity
to encapsulate hydrophobic drug molecules within their central cavity, thereby enhancing their aqueous
solubility and bioavailability. Chemically, CDs are composed of glucose units linked by a-(1,4)-glycosidic bonds,
forming a truncated cone-shaped structure. They are derived from the enzymatic degradation of starch by CD
glucosyltransferase. The most commonly used types of CDs are a-, -, and y-CDs, which consist of six, seven,
and eight glucose units, respectively. The size of the CD cavity increases with the number of glucose units, with
B-CD being the most widely studied and used due to its optimal cavity size for accommodating a variety of
drug molecules. The CD ring exhibits an amphiphilic nature, comprising a hydrophilic outer layer (formed by
hydroxyl groups) and a lipophilic cavity?®?! and complexing poorly water-soluble drugs with CDs results in the
formation of an “inclusion complex”??-*%. To enhance CD monomer properties, chemically derived derivatives
(e.g., Hydroxypropyl-B-CD (HCD) or Methyl-3-CD, among others) and polymers have demonstrated superior
capabilities, such as increased complexation efficiency or release, compared to natural CDs?>~?’. Methyl-B-CD
(MCD) offers distinct advantages over other modified BCDs in several key areas, making it a preferred choice for
pharmaceutical and biomedical applications: enhanced solubility, and superior drug delivery capabilities**-32.
Recently, administering an anti-inflammatory drug as an inclusion complex (ICs) has shown the potential
to enhance efficacy and formulation capabilities, representing an intriguing avenue for improving current
treatments>>~3,

Recognizing the significance of ICs in drug development, this investigation seeks to assess the influence
of CD inclusion on the biopharmaceutical and pharmacological attributes of fenofibric acid (FFA), a non-
steroidal anti-inflammatory drug. A recent study has highlighted the potential benefits of FFA in combating the
pathogenesis of SARS-CoV-2 infection and alleviating the severity of COVID-19 due to its anti-inflammatory
activities®. To date, several studies in the literature have focused on the formation of ICs of FFA with both
BCD and HCD. These studies demonstrate a notable improvement in the solubility of FFA when complexed
with BCD, with a moderate enhancement observed using HCD as well?*-%4, The research has predominantly
investigated individual CD complexes, analyzing solid-state complexes to characterize the interactions between
FFA and CDs*~*. These analyses have conclusively proven the occurrence of complexation between FFA and the
respective CDs. In addition to the initial studies, there has been further exploration involving methyl-substituted
BCD, which has provided insights into its interaction with FFA*%4°. However, a thorough review of the available
literature reveals a significant gap: while numerous studies emphasize the complexation process and its impact
on the physicochemical properties of FFA, there is a lack of research exploring the biological applications of
these complexes, particularly their potential anti-inflammatory activity. This gap highlights an opportunity for
further investigation into the therapeutic potential of FFA-CD complexes in biological systems.

Therefore, we have initiated a research project focusing on FFA to develop ICs with CDs. This includes both
natural CD (BCD) and modified CD (MCD), enabling a comprehensive comparative analysis of their properties.
A detailed chemical characterization of these ICs is being conducted, with a particular emphasis on using ROESY
to elucidate the spatial interactions between FFA and the CD molecules. Additionally, theoretical approaches,
such as quantum mechanical calculations, are being employed to support and validate the experimental findings.
To ensure the biocompatibility of these ICs, cytotoxicity assays are being performed. This step is critical, as
confirming the safety of the complexes is a prerequisite for their potential application in anti-inflammatory
therapy. By addressing both the chemical and biological aspects of the ICs, this study aims to lay the groundwork
for the effective therapeutic use of FFA-CD complexes in managing inflammatory conditions.

Materials and methods

Materials

The essential chemicals used in this study include FFA, BCD, and MCD. FFA, with the molecular formula

C,,H,.ClO,, has a molecular weight of 318.75 g/mol and a purity of 99%. BCD, with the molecular formula

C,H-10,., has a molecular weight of 1134.98 g/mol and a purity of 98%. MCD, with the molecular formula
+,Hy,0,. and a molecular weight of approximately 1303.31 g/mol, has a purity of 98% and a degree of

substitution ranging from 6.0 to 10.0. All chemicals were obtained from Sigma-Aldrich Chemical Co (Seoul,

South Korea). Throughout the study, distilled water was used as the solvent. The structural representations of

FFA (the guest molecule) and the two CDs (BCD and MCD) are shown in Fig. 1, which illustrates the molecular

structures and the key interactions involved in the complexation.
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Fig. 1. Structures of FFA (A), BCD (B), and MCD (C).

Phase solubility (PS) study

Phase solubility diagrams®® for the ICs were constructed by adding an excess amount of FFA to CD solutions,
specifically 16 mg of FFA per mL of solution. The CD concentrations were set at 22 mg of BCD and 23 mg
of MCD per mL of solution, with the concentration of CDs progressively increasing during the experiment.
To ensure that FFA remained in its unionized form, the pH of the FFA solution was carefully adjusted to 3.0
using an appropriate buffer solution. This pH was kept below the pK_ of FFA to maintain its low solubility, as
unionized drug molecules generally exhibit poor solubility in water. The prepared solutions were stirred at room
temperature for 24 h to allow the system to reach equilibrium. After this period, the solutions were filtered
through 0.45 pm filters to remove any undissolved particles. The solubility of FFA was then determined by
measuring the absorbance at a wavelength of 295.0 nm, allowing for the quantification of dissolved FFA and the
construction of PS diagrams to evaluate the solubility enhancement by the CDs.

Preparation of FFA:CD ICs

The preparation of ICs involving FFA with the hosts, BCD and MCD was carried out by first dissolving FFA at
a concentration of 0.47 mM in ethanol. Concurrently, BCD and MCD were each dissolved at a concentration
of 0.47 mM in 20 mL of distilled water. The solution of BCD, and MCD were separately subjected to sonication
in an ultrasonic bath (Hielscher UP200St, 30 kHz, 100 W, Iran) for 5 min to ensure complete blending of the
components. To form the ICs, a solution of FFA was gradually added drop by drop to separate solutions of
BCD and MCD, each maintaining an identical concentration, resulting in a 1:1 molar ratio of FFA to the CDs.
The resulting mixtures were heated to 60.0 °C while being stirred magnetically to promote complex formation.
Upon completion of the mixing process, the resulting ICs exhibited water solubility, evidenced by the clear,
homogenous appearance of the solution. To remove the solvent, a water-based removal technique was applied.
The solutions were filtered through a 0.45 um syringe filter to remove any particulate matter. Subsequently, the
filtered solutions were frozen at -81.0 °C for 48 h, followed by lyophilization at — 80.5 °C under a pressure of
1.09 Pa for 72 h in a freeze-dryer®"*% This freeze-drying process resulted in the formation of a white powder,
representing the ICs. The final products were denoted as IC-1 (FFA:BCD ICs) and IC-2 (FFA:MCD ICs),
respectively.

Experimental procedure for anti-inflammatory activity

The synthesized compound and the standard anti-inflammatory drug, diclofenac sodium, were evaluated
for their anti-inflammatory activity using the inhibition of albumin denaturation technique, with slight
modifications to the established method®*. This technique is widely used to assess anti-inflammatory properties
based on the ability of test compounds to prevent protein denaturation, a common precursor to inflammatory
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processes. To prepare the solutions, both the synthesized compound and diclofenac sodium were dissolved in
a minimal quantity of dimethylformamide (DMF) to ensure solubility. These stock solutions were then diluted
with phosphate buffer (0.2 M, pH 7.4) to achieve the desired concentrations. The final concentration of DMF in
all test solutions was maintained below 2.5%, minimizing any potential solvent interference in the assay. For the
assay, a 2.5 mL aliquot of the test solution, containing various concentrations of the drug, was mixed with 1 mL of
a 1 mM bovine serum albumin (BSA) solution prepared in phosphate buffer. The mixture was incubated at 37 °C
for 10 min to allow the drug to interact with the BSA. Denaturation of the protein was induced by exposing the
reaction mixture to 70 °C for 10 min in a water bath. Following this heat-induced denaturation, the samples were
cooled to room temperature, and the turbidity of the resulting solutions was measured spectrophotometrically
at 660 nm. The extent of inhibition of albumin denaturation was determined by comparing the turbidity of the
test samples with a reference sample where no drug was added. The percentage inhibition of denaturation was
calculated using the following formula:

% of Inhibition = 100 x [Ac — A¢/Al], 1)
A, Absorbance of test, A, Absorbance of control.

Results and discussion

Effect of FFA on the addition of BCD, and MCD

The absorption spectra of FFA in aqueous solution (pH ~ 7) are recorded at various concentrations of BCD and
MCD, with the results presented in Fig. S1. As shown in Fig. S1A and B, the absorbance of FFA increased with
rising concentrations of both BCD and MCD. Importantly, no shifts were observed in the absorption maximum
of FFA upon the addition of either CD, suggesting that the structure of the guest molecule remained unchanged
during complexation. This indicates that FFA was likely encapsulated within the cavities of the CDs, rather
than undergoing a chemical transformation. The observed increase in absorbance can be attributed to the
encapsulation of FFA within the hydrophobic cavities of the CDs, which alters the environment of the drug from
the more protic aqueous phase to the less protic microenvironment inside the CD cavity. Additionally, some
of the observed absorbance increases may also result from FFA adsorption onto the walls of the container. To
ensure the stability of the complex, absorbance measurements were repeated at approximately 12 and 48 h after
the solution preparation. No significant change in absorbance was observed, indicating that the encapsulation
of FFA remained stable over time, and the IC did not decompose, even after prolonged storage. Furthermore,
Fig. S1C and D illustrate the effects of adding BCD and MCD on the fluorescence spectra of an aqueous solution
of FFA at a constant concentration. As shown, increasing the concentration of CD resulted in a noticeable
enhancement of the fluorescence intensity, reaching up to 12 x 10~ M. This enhancement is likely a result of the
complexation between FFA and the CDs. At shorter intermolecular distances, radiation-less energy transfer from
the excited state of FFA to the ground state of the CDs occurs, which amplifies the fluorescence intensity>*-*.
This further supports the notion that the complexation of FFA with the CDs not only affects its absorption
properties but also enhances its fluorescence behavior.

The binding constant (K) and stoichiometry of the ICs were determined using the Benesi-Hildebrand (BH)
equation®’~>. This method is applied to analyze the variations in the absorbance as well as fluorescence intensities
of FFA as the concentrations of CDs are varied. The observed data confirmed the formation of a 1:1 complex
in both systems, as illustrated in Fig. 2. To calculate the K for the 1:1 complex, the BH equation was utilized,
which allows for the determination of the binding affinity. The binding constant (K) was then determined from
the following Egs. (1), and (2), based on the measured absorbance and fluorescence data. This analysis not only
validates the formation of 1:1 ICs but also provides precise values for the binding affinity, further supporting the
stability and strength of the interaction between FFA and the CDs.

1 1 1

A " AFFA] T K[FFA|A[CDS)’ @
S| 1

Al (I-10) + K[I —10][CDs]’ ®

In order to further evaluate the spontaneity of ICs, thermodynamic parameters can be utilized to provide a
deeper understanding of the displacement of FFA within the CD cavities and the exchange of water molecules
that occurs during complexation. Specifically, the Gibbs free energy change (AG) is an essential metric used to
assess the spontaneity of the complexation process and to explore the influence of temperature on the stability
of the ICs®*!. In this study, under aqueous conditions at neutral pH and room temperature, negative AG values
were observed for both FFA:BCD and FFA:MCD ICs (refer to Table S1). A negative AG indicates that the
complexation process is thermodynamically favorable and occurs spontaneously, providing valuable insight into
the binding strength between the CD and FFA. Moreover, the negative AG values suggest that the complexation
is exergonic, meaning that the reaction releases energy and proceeds spontaneously at room temperature. These
findings not only support the formation of stable ICs but also highlight the driving forces behind the interaction
between FFA and the CDs, shedding light on the nature of the binding process.

Phase solubility (PS) diagrams

PS diagrams are constructed for both ICs to evaluate the solubility behavior of the free FFA drug about varying
concentrations of CDs®%%, These diagrams serve as a critical tool in understanding the solubilization potential
and binding characteristics of the drug-CD system®*. The PS analysis revealed a direct and linear increase in FFA
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Fig. 2. BH absorbance plots of FFA with BCD (A), MCD (B), BH fluorescence plots of FFA with BCD (C), and
MCD (D).

concentration with an increasing concentration of CDs, consistent with an A, -type solubility profile (Fig. 3).
This type of linearity is indicative of the formation of a 1:1 stoichiometric complex between FFA and CDs,
a characteristic commonly observed in simple host-guest inclusion systems®>~’. In the absence of CDs, the
water solubility of FFA was determined to be approximately 1.5 mM, reflecting its intrinsic solubility in an
aqueous medium. However, the addition of CDs significantly enhanced the solubility of FFA. At the highest
CD concentrations, the water solubility of FFA was observed to increase approximately 1.55-fold and 1.68-
fold in the presence of BCD and MCD, respectively. This enhancement can be attributed to the encapsulation
of the FFA molecule within the hydrophobic cavity of the CDs, which mitigates the hydrophobic interactions
that limit its solubility in water. Interestingly, the saturation concentration of FFA displayed minimal variation,
even at high CD concentrations. This suggests that the dissolution behavior of the FFA:BCD and FFA:MCD
systems is governed predominantly by weak intermolecular interactions between FFA and CDs in the buffer
solution. The limited strength of these interactions implies that the inclusion process does not significantly alter
the physicochemical environment beyond facilitating improved solubility. This observation aligns with prior
studies emphasizing the role of weak host-guest interactions in modulating drug solubility in CD systems®”. The
LOD, and LOQ values are found to be 0.021, and 0.046 mg/mL, respectively.

Analysis of proton NMR spectrum of IC-1

The 'H NMR spectrum of the IC-1 is shown in Fig. S4. In this spectrum, the aromatic protons from both FFA
and BCD are clearly observed. Notably, the protons on the phenyl ring of FFA, which bears a chlorine atom,
experience a deshielding effect, with a chemical shift change of 0.002 ppm. Additionally, the methyl proton of
FFA undergoes a slight upfield shift of 0.005 ppm. Other protons in the FFA molecule remain unaffected by
the complexation. For BCD, the equatorial methine proton at C-1 exhibits a shielding effect, with a chemical
shift change of 0.03 ppm. These changes in proton chemical shifts are indicative of the formation of the IC
between FFA and BCD. Further confirmation of this complexation is provided by the ROESY analysis, which
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Fig. 3. PS diagram of FFA in the presence of BCD (IC-1), and MCD (IC-2).

also supports the interaction between FFA and BCD in IC-1. A detailed list of the proton chemical shifts for FFA,
BCD, and IC-1 can be found in Table S2.

Analysis of proton NMR spectrum of IC-2

The '"H NMR spectrum of the IC-2 is shown in Fig. S4. In this spectrum, the aromatic protons of both FFA
and MCD are clearly detected. The protons on the phenyl ring of FFA, which contains a chlorine atom, exhibit
a deshielding effect, resulting in a chemical shift change of 0.01 ppm. Additionally, the methyl proton of
FFA experiences a slight upfield shift of 0.001 ppm, while the other protons in FFA remain unaffected by the
complexation. For MCD, all protons, except for the H2 proton, experience shielding effects, with chemical shifts
changing between 0.12 and 0.075 ppm. The H2 proton of MCD, on the other hand, undergoes a deshielding shift
of 0.2 ppm. Furthermore, the methyl protons on the methoxy groups of MCD are shielded by 0.4 ppm. These
changes in proton chemical shifts provide strong evidence for the formation of IC-2 between FFA and MCD. The
formation of the ICs is further confirmed by the ROESY analysis, which supports the interaction between FFA
and MCD in IC-2. A detailed list of the proton chemical shifts for FFA, MCD, and IC-2 is presented in Table S3.

ROESY analysis of IC-1

The ROESY of IC-1 is shown in Fig. 4A, and the cross peaks are indicated as A, B, C, D, and E (Fig. S5). In the
ROESY, we observed the cross-peaks A (6.92/1.59), B (6.92/3.29), and C (6.92/7.72). The above cross peaks reveal
correlations between the phenyl protons attached to oxygen and methyl protons connected with the phenyl ring
with ether linkage. The proton chemical shifts at 6.92, 7.72, and 1.59 are already assigned to H3’/H5", H2"/H6”
and methyl proton of the acid part attached. Cross peak B suggests the correlation between protons of phenyl ring
attached to oxygen and H4 of B-CD. This confirms the formation of the inclusion complex. Additionally, a few
more cross-peaks D, E, E and G at 5.73/6.92, 5.73/4.82, 5.73/3.59 and 5.73/3.30 are obtained. These correlations
are due to the H1 of f-CD with phenyl protons, equatorial hydroxyl proton at C-3, methylene protons attached
with C-5 and H4 (axial protons) of the B-CD ring. Hence, the chemical shifts at 3.59 ppm correspond to the
methylene protons, while 4.82 ppm corresponds to the axial methine proton H4. Hydroxy proton attached with
methylene group at C-5 is observed as a doublet with a small coupling constant at 5.68 ppm. This hydroxy proton
at 5.68 ppm exhibits cross-peak H at 5.68/7.62. This cross-peak reveals correlations between the hydroxy proton
and H3’/ H5’ (the phenyl ring attached with chlorine). Based on the above correlation and shift in the proton
chemical shifts structure of the inclusion complex is proposed. The Methyl proton is shielded by 0.005 ppm
and the aromatic proton with chlorine moiety is deshielded by 0.02 ppm all other proton chemical shifts are
unaffected. This suggests that the phenyl ring bearing chlorine as a substituent is outside of the bucket, and the
acid group with methyl group is inside the bucket. Finally, the proposed structure of IC-1 is given in Fig. 4C.

ROESY analysis of IC-2

The ROESY of the IC-2 is shown in Fig. 4B, and the cross peaks are indicated as A, B, C, D, and E (Fig. S6). ROESY
shows cross-peaks A, B, and C at 6.92/1.59, 6.92/3.53, and 6.92/7.71 ppm. These cross peaks reveal correlations
between the phenyl protons connected by ether linkage and methyl proton of the ether linkage and methylene
protons of the MCD moiety. A multiplet centered at 4.82 ppm has already been assigned to the H3 proton of the
MCD ring. It also shows a correlation with phenyl proton connected with ether linkage. Additionally, two other
cross-peaks D and E at 4.53/4.82 and 4.53/3.49 ppm, show correlations between the equatorial hydroxyl proton
at C-3 with protons at H3 (axial protons) and a methoxy methyl group at C-2. Methine proton at C-5 (H5) shows
a correlation with methylene (attached to the same carbon within the MCD ring) and methyl of the methoxy
group attached to methylene at C-5. In addition to the above correlation two more important cross peaks F and
G at7.71/3.32 and 7/71/ 3.59 ppm reveal the correlation between the protons of the phenyl ring bearing chlorine
with methoxy methyl and methylene protons attached with C-5. It confirms the phenyl ring with chlorine is out
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Fig. 4. ROESY of IC-1 (A), IC-2 (B), proposed structure for IC-1 (C), and proposed structure for IC-1 (D).

of the cavity. Based on the NMR results obtained and the above correlations from ROESY strongly suggest that
the structure of IC-2 may be with the acid part of the guest inside the cavity and the counterpart is in the out of
the bucket as shown in Fig. 4D.

FT-IR spectral analysis

The FT-IR spectrum of FFA exhibits several distinctive features. Notably, broad peaks at 2984 cm™! are indicative
of O-H stretching, pointing to the existence of carboxylic acid groups in the molecular structure. Additionally,
peaks at 1700 cm™ and 1646 cm™ correspond to C=O stretching (ketone) and the symmetrical stretching of
C-C=C (alkenes), respectively. Aromatic rings are confirmed by peaks at 1596 cm™ and 1500 cm™!, which
represent the symmetrical stretching of C~-C=C bonds. Vibrations at 759 cm™! and 674 cm™! are associated with
alkyl halide (C-Cl) groups, providing further evidence of halogenated aromatic structures. Minor peaks around
1649 cm! correspond to C=C aromatic stretching, while the C-Cl stretches are observed around 678 cm™ in
the FFA spectrum. Moreover, additional peaks at 2875 cm™ and 2920 cm™! are attributed to ~CH stretching,
suggesting the presence of a surfactant component in FFA®-7, Figure 5A presents the FT-IR spectra of both
FFA and its ICs. The wavenumbers between 950 cm™ and 1200 cm™! are typically characteristic of carbohydrates,
specifically the functional groups within the carbohydrate structures’?. In the fingerprint region of the spectrum,
significant absorption peaks at 1157 cm’!, 1085 cm’!, and 1035 cm! correspond to the anhydroglucose ring’s
C-O stretching vibrations. The peak at 941 cm™ (Fig. S7) represents the skeletal vibration mode of the a-(1->4)
glycosidic linkage, a defining feature of cyclodextrins’®. A broad band at 3421 cm! is observed, signifying
the O-H stretching vibration, while the band at 2922 cm™ is due to C-H stretching vibrations’. The peak at
1635 cm™! is indicative of the bending vibration of water molecules within the 3-CD cavity’>. When compared
with the spectra of CDs, the FT-IR analysis of the ICs shows no new bond formation and no significant shift in
the spectral peaks, indicating that the fundamental chemical structure of FFA remains largely unchanged. The
stretching frequencies of the peaks are largely concealed by the CDs’ spectral features, underscoring the CDs’
significant contribution to the inclusion process and their dominant role in forming the inclusion complex with
FE A76’77.

Raman spectral analysis
Figure 5B presents the Raman spectra of FFA and its ICs, highlighting the interactions between FFA and the CD
cavities. In the Raman spectrum of pure FFA, four prominent bands are observed, each corresponding to specific
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Fig. 5. FT-IR spectra of FFA, and IC-1, and IC-2 (A), Raman spectra of FFA, and IC-1, and IC-2 (B).

molecular vibrations: y (C=0) at 1620 cm! (moderate intensity), y (acid) at 1635 cm’!, y (C-O-C) at 805 cm™!,
and y (C-Cl) at 625 cm™® (broad). Additionally, a broad peak at 3360 cm! is observed, which is characteristic
of the ~OH group in FFA. For both BCD and MCD, a broad peak at 3400 cm™! is also observed, attributed to
the ~OH groups in the cyclodextrins (Fig. S8). When the ICs are formed, this broad peak at 3400 cm™! becomes
significantly reduced, indicating that the ~-OH groups in the CDs are involved in interactions with FFA, likely
through hydrogen bonding. Interestingly, while the C=0 stretching band is absent in the spectra of both CDs
alone, it reappears in the spectra of the ICs. This suggests that the carbonyl group of FFA is now interacting with
the CDs, confirming the presence of both FFA and CD components in the ICs. The formation of the ICs with
BCD and MCD results in notable shifts in the positions and intensities of the key Raman peaks of FFA, further
indicating that the CDs influence the molecular structure and behavior of FFA, likely through encapsulation and
complexation as well.

FE-SEM analysis

The surface morphology of the ICs is visualized through FE-SEM analysis. As depicted in Fig. 6, FFA is present
in the form of small stone-like crystals with a non-uniform shape, characterized by distinct edges and corners.
In contrast, IC-1 exhibits rock-like structures at all magnifications, while IC-2 displays seed-like structures. A
notable transformation in surface morphology is observed when comparing FFA with its respective ICs. The
original structure of FFA has entirely disappeared, giving rise to a new structural morphology that does not
resemble bare CDs’®”. Consequently, the discernible differences in the surface morphology of ICs provide
compelling evidence for the complexation of FFA with BCD and MCD#81,

Thermal stability analysis

Thermogravimetry (TG), particularly with continuous temperature rise, is a widely used and effective technique
for evaluating the thermal behavior of substances, including pharmaceuticals and their formulations. In this study,
TGA was employed to investigate the thermal properties of the ICs. The TG curves for FFA, IC-1 (FFA:BCD),
and IC-2 (FFA:MCD) are shown in Fig. 7, providing insight into their thermal stability. For pure FFA, which
is known to be a stable organic drug, the TG curve reveals minimal mass loss as the temperature gradually
increases up to approximately 220 °C. This indicates that FFA remains thermally stable in this temperature range.
However, beyond 220 °C, a gradual weight loss is observed, which signifies the onset of thermal decomposition.
The decomposition occurs within the temperature range of 220-300 °C, with more than 90% of the mass lost
during this interval, suggesting significant degradation of the drug at higher temperatures. The DTA curves for
FFA further support this observation, showing two distinct peaks at 240 °C and 280 °C. These peaks correspond
to the endothermic processes associated with the weight loss and decomposition of FFA. The presence of these
peaks indicates that FFA remains thermally stable up to around 240 °C, after which it begins to degrade. This
analysis highlights the thermal behavior of FFA and provides a baseline for understanding the stability of its
inclusion complexes with BCD and MCD.

For IC-1, the TGA curve remains stable up to 220 °C. A small and negligible reduction in mass occurs up to
100 °C, attributed to the release of moisture content from the ICs. Post 220 °C, there is a sudden weight decrease
(around 20%) up to 240 °C, followed by a gradual decrease starting at 275 °C. The temperature range between
280-340 °C gets nearly 50% weight loss due to major FFA decomposition in IC-1. The DTA peaks at 239 °C
and 320 °C support the observed weight losses. In the case of IC-2, a stable curve is observed up to 245 °C, with
negligible weight loss (less than 1%) before 100 °C, likely due to moisture content removal. Post 245 °C, there
is a gradual weight decrease. The DTA peak appears at 282 °C, supporting the thermal behavior of IC-2. Both
ICs demonstrate resistance to temperature increases up to 220 °C and 245 °C for IC-1 and IC-2, respectively.
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Fig. 7. TGA of FFA (A), IC-1 (B), and IC-2 (C).

Thermal stability is enhanced for FFA after modification with ICs, with IC-2 exhibiting significantly improved
stability compared to IC-1%2. This suggests a higher binding interaction of FFA with MCD than BCD, reflecting
enhanced thermal stability and the ability to withstand temperature variations to a greater extent®>#%.

Interaction of FFA with CDs in the virtual state

Utilizing quantum mechanical calculations at the B3LYP/6-31G(D, P) level of theory, implemented within
the Gaussian 16 package, allows for an in-depth investigation of the ICs formed between FFA and CDs. This
computational approach provides detailed insights into the molecular interactions, enabling a comprehensive
understanding of the electronic structures and properties of the ICs. These insights shed light on the intricate
behavior and interaction mechanisms exhibited by these molecular systems. The study focuses on analyzing
the interaction between FFAs and CDs within ICs, emphasizing the role of hydrogen bonding interactions and
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energy parameters in determining the stability and orientation of these complexes. For IC-1 (Fig. S9), composed
of C1-C4, the orientation of C4 emerges as the favorable mode of inclusion. This preference is attributed to the
shorter hydrogen bonds and higher complexation energy, as compared to other orientations (Fig. 8A). Similarly,
IC-2 (Fig. S9), formed between C5 and C6, identifies C5 as the favorable mode of inclusion. This conclusion is
based on the higher number of hydrogen bonds and the greatest complexation energy relative to the alternative
orientation, C6 (Fig. 8B). To substantiate these findings, Table 1 presents a comprehensive summary of the
hydrogen bonding interactions and associated energy parameters, providing an extensive dataset for further
interpretation and validation. These results highlight the critical role of hydrogen bonding and complexation
energy in dictating the structural preferences and stability of the ICs, offering valuable insights into their
molecular dynamics and potential applications.

Anti-inflammation activity by BSA denaturation assay

The anti-inflammatory activity of the studied ICs was initially assessed in vitro using the albumin denaturation
assay. This assay is widely employed for such studies because protein denaturation is a critical pathological
process associated with inflammation and conditions such as rheumatoid arthritis®*%’. Given the well-
documented anti-inflammatory properties of free FFA, the assay was utilized to evaluate the activity of FFA
in their free and complex forms, specifically in IC-1 and IC-2%8-%. The results, depicted in Fig. 9A, show that
all samples (FFA, IC-1, and IC-2) exhibit enhanced anti-inflammatory activity at concentrations up to 400 pg/
ml. Interestingly, the release of FFA from the ICs was higher than that from bare FFA, suggesting an improved
delivery mechanism facilitated by the ICs. Both IC-1 and IC-2 demonstrated notable protective effects on BSA,
preventing its denaturation with inhibition rates exceeding 76%. Among the samples, IC-2 exhibited the highest
protective effect, achieving an inhibition rate of 78%, which correlates with its superior FFA release rate (IC-
2>1C-1>FFA). This enhanced activity can be attributed to the strong inclusion complex formed in IC-2, as
evidenced by its high binding constant. The differing complexation abilities and release profiles of ICs can be
attributed to the structural characteristics of the CD used. MCD exhibited a higher drug release rate than BCD.
This discrepancy arises from the nature of the interaction between FFA and the host molecule. In MCD, FFA
primarily interacts with the outer rim, resulting in a less constrained complex that facilitates faster release. In
contrast, BCD captures FFA within its interior cavity, forming a more stable and robust complex that restricts
rapid release”!.

Anti-inflammation activity by HRBC assay

To further evaluate the anti-inflammatory properties of the studied ICs, the HRBC membrane stabilization
assay was employed. This assay assesses the ability of the samples to protect erythrocyte membranes against
hemolysis induced by hypotonic stress or heat, which is a marker of anti-inflammatory activity. Hemolysis,
indicated by the lysis of red blood cells and subsequent release of hemoglobin into the medium, was calculated,
with 100% lysis set as the control (using distilled water as the hypotonic solution). The percentage inhibition of
hemolysis was determined using a standard equation as described in earlier studies®>**. The results, illustrated
in Fig. 9B, demonstrate a concentration-dependent increase in activity for all samples, FFA, IC-1, and IC-2 up to
a maximum concentration of 500 ug/ml. Notably, the release of FFA from the ICs exceeded that from bare FFA,
suggesting that the inclusion complexes enhanced the bioavailability of the FFA. Both IC-1 and IC-2 exhibited
significant protection of erythrocyte membranes against heat-induced hemolysis, achieving inhibition rates of
over 80%, with each complex reaching 81% at the highest concentration tested. This protective effect aligns with

33 2,. .'.l'

Fig. 8. Hydrogen bonding with favorable orientation of IC-1 (A), and IC-2 (B).
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Bonding parameters ‘Bond distance (A) | Bonding par ters | Bond distance (A)

C1 orientation C2 orientation
H182-0119 2.735 0179-H53 2.570
0170-H128 2.816 H174-061 2.816
0177-H8 2.751 H169-082 2.733
0179-H28 2.638 0170-H95 2.684
H174-037 2.699 0O177-H116 2.783
H182-0124 2.814
C3 orientation C4 orientation
H157-034 2.942 H169-082 2.438
H156-037 3.009 H173-0103 2.543
0180-H18 2.923 0180-H125 2.071
H155-0119 2.437 H156-0118 2511
H169-098 2.840 H157-0119 2.784
H154-034 2.955
C5 orientation C6 orientation
H217-033 2.605 0243-H188 2.446
H219-069 2.526 H219-089 2.395
0243-H154 2.459
Bonding parameters | Bond distance (A) | Bonding par ters | Bond distance (A)
C1 orientation C2 orientation
H182-0119 2.735 0179-H53 2.570
0170-H128 2.816 H174-061 2.816
0177-H8 2.751 H169-082 2.733
0179-H28 2.638 0170-H95 2.684
H174-037 2.699 0177-H116 2.783
H182-0124 2.814
C3 orientation C4 orientation
H157-034 2.942 H169-082 2.438
H156-037 3.009 H173-0103 2.543
0180-H18 2.923 0180-H125 2.071
H155-0119 2.437 H156-0118 2.511
H169-098 2.840 H157-0119 2.784
H154-034 2.955
C5 orientation C6 orientation
H217-033 2.605 0243-H188 2.446
H219-069 2.526 H219-089 2.395
0243-H154 2.459

Table 1. Hydrogen bonding interaction of ICs with possible orientations.

the FFA release rate (IC-2>1C-1> FFA), highlighting the role of efficient drug delivery in enhancing biological
activity. The anti-inflammatory efficacy of IC-2, as reflected by its inhibition of hemolysis, correlates strongly
with its higher complexation constant. This indicates that the stronger and more stable interaction between
FFA and the CD in IC-2 plays a critical role in modulating its activity. The difference in complexation ability
between MCD and BCD was also evident. MCD facilitated a higher release of FFA compared to BCD, which
can be attributed to the interaction mechanism. In MCD, FFA primarily associates with the outer rim of the CD,
resulting in a less constrained IC that allows faster release. Conversely, in BCD, FFA is encapsulated within the
interior cavity, forming a more stable but slower-releasing complex*.

Molecular docking study of FFA with cyclooxygenase 1, and 2 (1PGG and 4COX)

Given the enhanced in-vitro anti-inflammatory effects observed for FFA following the formation of its ICs, it is
crucial to further explore the binding interactions between FFA and key cyclooxygenase enzymes. To achieve
this, molecular docking analysis is employed as an effective computational approach. Molecular docking is a
widely used tool in drug development, particularly for identifying potential therapeutic targets and predicting
atomic-level interactions between chemical ligands and their biological targets. This method enables a detailed
understanding of biochemical processes and the molecular behaviors occurring at the binding sites of enzymes or
receptors. The molecular docking process involves two primary steps: first, predicting the conformation, location,
and orientation of the ligand (in this case, FFA) within the enzyme’s binding site, and second, determining
the binding affinity of the interaction. This computational technique has been applied in the present study to
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Fig. 9. Anti-inflammation by protein denaturation assay (A) and HRBC assay (B) of FFA, IC-1, and IC-2.

Fig. 10. Three-dimensional interactions of the FFA with enzyme 1PGG.pdb (A), and 4COX.pdb (B).

investigate how FFA interacts with enzymes involved in inflammation, particularly cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2), which are key enzymes in the inflammatory pathway. The interaction of FFA
with COX-1 and COX-2 enzymes was analyzed using docking simulations, with the PDB files for COX-1 (1PGG.
pdb) and COX-2 (4COX.pdb) serving as the targets. The three-dimensional interactions between FFA and these
enzymes are illustrated in Fig. 10, and the corresponding binding interaction parameters are summarized in Table
2. In the docking simulation with COX-1 (1PGG.pdb), FFA exhibited a strong binding affinity, with a calculated
binding energy of -9.07 kcal/mol and an inhibition constant (K,) of 226.56 nM. The drug formed seven hydrogen
bonds with various amino acid residues of COX-1. These included six conventional hydrogen bonds with the
following residues: THR206, HIS203, TRP387, THR207, THR206 (repeated), and ASN382. The bond distances
for these interactions ranged from 2.63 to 3.31 A. Additionally, FFA interacted with PHE210 through a pi-donor
hydrogen bonding interaction, with a distance of 3.93 A. These interactions highlight the strong affinity of FFA
for COX-1 and its potential as an effective inhibitor of this enzyme. When FFA was docked with COX-2 (4COX.
pdb), the binding energy and inhibition constant were even more favorable than those observed with COX-1,
suggesting that FFA may bind more strongly to COX-2. The binding energy was calculated to be -9.16 kcal/mol,
and the inhibition constant was 193.46 nM. In this case, FFA formed two hydrogen bonds with the amino acid
residues of COX-2. Specifically, it formed a conventional hydrogen bond with TYR355, with a distance of 2.92 A,
and a carbon-hydrogen bond with SER353, with a distance of 3.42 A. These interactions suggest that FFA could
be a potent inhibitor of COX-2, further supporting its anti-inflammatory potential.

MTT assay
The biocompatibility of FFA and its ICs with BCD and MCD was evaluated by investigating their impact on cell
proliferation. The experiments involved treating normal cell lines with varying concentrations of the samples
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Sample code | Binding energy(kcal/mol) | Inhibition constant | Number of hydrogen bonding | Hydrogen bonding amino acid residue

THR206 (2.78 A) Conventional
hydrogen bonding interaction
HIS203 (3.31 A) Conventional
hydrogen bonding interaction
TRP387 (2.78 A) Conventional
hydrogen bonding interaction
THR206 (2.92 A) Conventional
hydrogen bonding interaction
HIS207 (3.12 A) Conventional
hydrogen bonding interaction
ASN382 (2.63 A) Conventional
hydrogen bonding interaction
PHE210 (3.93 A) pi-donor
hydrogen bonding interaction

1PGG —9.07 kcal/mol 226.56 nM 7

TYR355 (2.92 A) Conventional
hydrogen bonding interaction
SER353 (3.42 A) carbon hydrogen
bonding interaction

4COX —9.16 kcal/mol 193.46 nM 2

Table 2. Binding interaction of FFA with 1PGG, and 4COX.
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Fig. 11. HaCaT viability by increasing concentrations of FFA, IC-1, and IC-2 at 6 h (A), and 24 h (B).

over incubation periods of 6 h and 24 h to observe their effects on cellular health and viability®>. The analysis
revealed that treatments with FFA, IC-1 (FFA:BCD), and IC-2 (FFA:MCD) had no adverse effect on cell viability
in normal cell lines. This observation was consistent across all tested concentrations, as indicated by the data
presented in Fig. 11 and Table S5. The frequency of cell death in treated cultures was comparable to that of
untreated control cells, suggesting that these formulations do not induce cytotoxicity under normal conditions.
While FFA generally maintained cell viability, some signs of cell death were observed at higher concentrations
(100 pg/ml and 200 pg/ml) after 6 h and 24 h of treatment. This effect was more pronounced in HaCaT cells,
where higher doses of FFA seemed to compromise cellular integrity. Morphological changes, such as elongation,
were observed in some cells; however, this had a minimal impact on overall cell function and did not significantly
contribute to cell death (Fig. 12). The IC-1 and IC-2 showed enhanced cell viability compared to free FFA, even
at higher concentrations. The complexation of FFA with BCD and MCD likely improves its aqueous solubility
and reduces direct cellular exposure to the drug, mitigating potential cytotoxic effects. IC-treated cells exhibited
a healthier growth profile, confirming that the encapsulation process enhances biocompatibility. ICs lower the
direct toxicity of FFA, likely due to controlled release and improved solubility. CD-complexed FFA promotes cell
proliferation and minimizes stress on the cells, maintaining a favorable growth environment. The use of BCD
and MCD as carriers ensures that FFA can be used at higher doses without compromising cellular integrity.
The findings underscore the importance of inclusion complexation in enhancing the biocompatibility of FFA.
While free FFA can induce cytotoxicity at elevated concentrations, its encapsulation in BCD and MCD protects
cells, resulting in superior safety profiles. MCD has been reported to exhibit some degree of cytotoxicity, leading
to cell death in certain assays®®. However, in our study, when MCD is utilized as a host molecule to form the
IC-2, no evidence of cell death was observed. The results from our assays clearly demonstrated that the IC-2
exhibited no adverse impact on cell viability, suggesting that the encapsulation of the guest molecule within the
MCD cavity mitigates its potential cytotoxic effects. These insights are crucial for the development of FFA-based
formulations, particularly for therapeutic applications requiring high-dose or long-term treatments. The study
establishes that IC formation not only improves biocompatibility but also enhances therapeutic potential by
maintaining cellular health.
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Fig. 12. Cell viability of FFA ((A) at 6 h, (B) at 24 h), IC-1 ((C) at 6 h, (D) at 24 h), and IC-2 ((E) at 6 h, (F) at
24 h).

LDH assay

The LDH release assay is a widely utilized and reliable method to evaluate cellular membrane integrity and
cytotoxic effects of various treatments. LDH, an intracellular enzyme, is released into the extracellular
environment when the cell membrane is compromised due to stress or damage. In this study, the LDH assay
was employed to assess the potential cytotoxic effects of Flufenamic Acid (FFA) and its inclusion complexes,
IC-1 (FFA-BCD) and IC-2 (FFA-MCD), on HaCaT cells over incubation periods of 6 h and 24 h. The results
demonstrated no significant changes in LDH release levels in HaCaT cells treated with FFA, IC-1, or IC-2
compared to untreated controls. This consistency was observed across both short-term (6-h) and extended
(24-h) exposure periods, indicating the absence of membrane damage (Fig. S12 and Table S6). The absence of
elevated LDH levels suggests that the tested samples, including free FFA and its ICs, do not compromise the
integrity of cellular membranes. This finding aligns with the biocompatibility profiles observed in cell viability
studies, further supporting the non-toxic nature of these compounds in normal cell models. The IC-1 and IC-2
may further reduce the direct interaction of FFA with cellular membranes by encapsulating the drug. This
protective effect ensures sustained membrane stability, even at potentially higher doses. Although free FFA is
effective, it may exhibit direct membrane interactions at higher doses or extended exposure times. However, the
encapsulation within BCD and MCD ensures better compatibility by modulating the drug’s release and reducing
its direct interaction with cell membranes. The LDH release assay provides compelling evidence that FFA, along
with its inclusion complexes IC-1 and IC-2, exhibits negligible cytotoxic effects on HaCaT cells. The lack of
significant LDH release underlines the ability of these compounds to maintain membrane integrity, ensuring
their safety for potential therapeutic applications. The results reinforce the advantage of CD-based encapsulation
in enhancing biocompatibility, making these complexes valuable in developing non-toxic and efficient drug
formulations.

Conclusions

In the present work, we have successfully synthesized and characterized the ICs of FFA with BCD, and MCD.
The BH plots and phase solubility study showed the FFA formed a 1:1 stoichiometric ratio with CDs. 'H NMR,
ROESY, and FT-IR results confirmed the formation of the ICs. The surface morphological differences after the
formation of ICs have been taken as the finest evidence. The optimized structural analysis of IC-1 and IC-2
indicates a favorable orientation and appears consistent with experimental analysis. Additionally, we assessed
its in-vitro anti-inflammatory activity through BSA denaturation and HRBC assay. Furthermore, our study
illustrates that the inclusion of BCD and MCD is an effective strategy for augmenting the anti-inflammatory
properties of FFA by shielding against protein denaturation. The enhancement of FFA solubility through the
formation of ICs represents a novel and successful approach. This optimized approach to preparing ICs could
potentially cover the way for the reevaluation of other poorly water-soluble NSAIDs. Importantly, our samples
do not produce any toxicity upto 200 ug/ml. Further investigations have to be carried out to determine whether
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this approach developed in our study could enhance oral bioavailability and prove beneficial in the management
of chronic inflammation.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author upon rea-
sonable request.
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