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This study aimed to improve the dissolution profile of two poorly soluble drugs, atorvastatin calcium and fenofibrate,
through cocrystallization via carefully selected coformers. Five different coformers were screened via a molecular
docking approach with the PyRx virtual screening tool. Binding energy and hydrogen bond formation data identified
para-aminobenzoic acid (PABA) as the most suitable coformer for cocrystal formation. The cocrystallization
process was carried out via the liquid-assisted grinding method. The resulting cocrystals were characterized via
Fourier transform infrared (FT-IR), powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC),
and scanning electron microscope (SEM) techniques. A detailed evaluation of fenofibrate, atorvastatin calcium, and
fenofibrate—atorvastatin calcium-PABA multidrug cocrystals revealed improved solubility compared with that of
the pure drugs. Characterization through FT-IR confirmed interactions between the drugs and the coformer, whereas
PXRD, DSC, and SEM analyses supported the formation of a distinct crystalline phase. An in vitro dissolution study
demonstrated a significant increase in the dissolution rate of the cocrystals. The findings concluded that cocrystals
prepared with PABA via the liquid-assisted grinding method successfully improved the solubility of atorvastatin
calcium and fenofibrate, providing a promising approach to address the challenges associated with poorly soluble
drugs. The novelty lies in the strategic combination of two lipid-lowering agents into a single multicomponent crystal
system, offering improved solubility, dissolution rate, and potential bioavailability compared to their standalone
forms. This work pioneers the application of pharmaceutical cocrystallization for dual-drug delivery in dyslipidemia
management, offering a promising platform for fixed-dose combination therapies with enhanced patient compliance
and therapeutic synergy.
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INTRODUCTION

The most popular route of drug administration is oral,
and its systemic distribution has been studied on the basis of
several pharmacological yields in a range of dosage forms.
Conventional preparations are often supplied often in numerous
dose regimens as long-term remedies for the treatment of
chronic illnesses and thereby have numerous negative impacts.
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They are cost-effective, frequently patients, have widespread
regulatory acceptance, reduce the dose, maintain drug
therapeutic concentrations, have side effects, and increase the
efficacy of increased therapeutic agents [1].

The responsibilities of pharmaceutical development
scientists encompass all the necessary tasks involved in
transforming an active pharmaceutical ingredient (API) into a
marketable product that is suitable for handling, distribution,
and patient administration [2]. Hence, in contemporary
pharmaceutical development, increasing the solubility
and dissolution rate of drugs with poor water solubility is
increasingly important to increase the bioavailability of
potential drug candidates. The process of crystallization is
useful for enhancing these pharmacological characteristics [3].
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Figure 1. Cocrystals formation.

Crystals are described by the Food and Drug Administration
as solid supramolecular complexes in crystalline form made
up of two or more components that are in a neutral state and
are held together by nonionic interactions [4]. Pharmaceutical
cocrystals have complex crystalline structures and are made
up of an API and a coformer approved by the pharmaceutical
industry (Fig. 1). Molecular docking is a valuable technique in
computer-aided structure-based drug discovery. This method
involves predicting the binding possibility and orientation of
one molecule API with another molecule (co-former) to form a
new complex. The binding ability between the two molecules
can be assessed through scoring features [5]. In the case of
fenofibrate—atorvastatin ~ calcium-para aminobenzoic acid
multidrug cocrystals, five coformers were selected based on the
existing literature [6].

Multidrug cocrystals (MDCs) are solid crystalline
complexes with two or more therapeutically active substances
present in a predetermined ratio inside a single crystal lattice
[7]. These elements generally communicate with one another
through nonionic interactions, while they occasionally engage
in hybrid interactions that combine partial proton transfer
and hydrogen bonding with ionic and nonionic interactions
[8]. MDCs have the potential to provide advantages such as
increased bioavailability, improved dissolution and solubility as
a minimum of one constituent, and synergistic and/or additive
effects [9].

In this study, novel drug—drug cocrystals composed
of atorvastatin calcium (ATC) and fenofibrate (FE) were
formulated and characterized.

Fenofibrate is a 2-{4-[4-chlorobenzoyl] phenoxy}
(2-methyl propanoic acid 1-methyl ethyl ester). It is a
Biopharmaceutical Classification System (BCS) class II
medication with low water solubility but excellent permeability.
Fenofibrate is effective in regulating blood cholesterol or
lipid levels in individuals with normal lipid profiles as well
as those with hyperlipoproteinaemia [10]. Its bioavailability
ranges from 60% to 1%. Fenofibrate is classified as a prodrug
of fenofibric acid, which becomes active after undergoing
hydrolysis by plasma esterase enzymes. By altering the levels
of very-low-density lipoprotein, low-density lipoprotein,
and high-density lipoprotein, Fenofibrate effectively reduces

cholesterol proportions [11]. This approach is particularly
beneficial for patients with cardiovascular disease and
metabolic disorders associated with insulin resistance. When
used in conjunction with statins, it significantly decreases
hypercholesterolemia and hypertriglyceridemia. The primary
indications for fenofibrate use are lipid-related conditions such
as severe hypercholesterolemia, hypertriglyceridemia, and
dyslipidemia [12].

Atorvastatin, also known as (3R,5R)-7-[2-(4-
fluorophenyl)-3-phenyl-4-(phenylcarbamoyl)-5-propan-2-
ylpyrrol-1-yl]-3,5 dihydroxyheptanoic acid, is a substance
whose method of action is known as an 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor,
and 3,5 dihydroxyheptanoic acid is one of those substances
[13]. The hemi-calcium salt of atorvastatin, atorvastatin
calcium, dissolves relatively poorly in water, phosphate buffers
with a pH of 7.4, and acetonitrile, although it is very soluble
in methanol [14]. A class II medication with high permeability
and low water solubility, atorvastatin, is categorized according
to the BCS [15]. Atorvastatin has high intestinal permeability
at the normal pH of the intestines (6—6.5) [16]. It serves as a
model for medications falling under Class Il of the BCS that are
poorly soluble. The medication inhibits HMG-CoA reductase,
an enzyme that is essential for the production of cholesterol
by converting HMG-CoA to mevalonate [17]. This inhibition
is competitive and reversible [18]. Since it has a low water
solubility and undergoes considerable hepatic degradation,
its oral bioavailability is low (12%). This study presents the
first successful synthesis and comprehensive characterization
of fenofibrate—atorvastatin calcium cocrystals, aiming to
enhance the physicochemical properties and therapeutic
performance of the individual drugs. The novelty lies in the
strategic combination of two lipid-lowering agents into a
single multicomponent crystal system, offering improved
solubility, dissolution rate, and potential bioavailability
compared to their standalone forms. This work pioneers the
application of pharmaceutical cocrystallization for dual-drug
delivery in dyslipidemia management, offering a promising
platform for fixed-dose combination therapies with enhanced
patient compliance and therapeutic synergy.
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MATERIAL AND METHODS

Material

Atorvastatin calcium was obtained from Cadila
Healthcare Ltd. (Ahmedabad, India), and fenofibrate was
obtained from Emcure Pharmaceuticals (Pune, India) as a gift
sample. Para-aminobenzoic acid was collected from Analab
Fine Chemicals, Mumbai. Xanthan gum, sodium alginate,
magnesium stearate, and microcrystalline cellulose were
purchased from Analab Fine Chemicals. Ethanol and methanol
(HPLC grade) were obtained from New Neeta Chemicals. All
materials were used without further purification.

Methods

Molecular docking and selection of coformers

Molecular docking studies were conducted on these
five coformers to evaluate their binding affinity. To visually
compare the quality of the docking scores for the coformers,
a radar chart was utilized, which presents multidimensional
information without relying on statistical methods. Among
the five coformers, para-aminobenzoic acid was confirmed
as a suitable choice based on its potential for interaction,
compatibility, and docking score in forming cocrystals with
atorvastatin calcium and fenofibrate [19].

Solvent-assisted grid method of cocrystallization for fenofibrate
and atorvastatin calcium

Liquid-assisted grinding is a technique that involves
adding a small amount of solvent to dry solids before the
milling process begins. The solvent is required throughout the
grinding process since it catalyzes the production of cocrystals.
Compared with neat methods, liquid-assisted methods are
believed to result in more efficient cocrystal formation [20].
For the preparation of multidrug cocrystals, predetermined
concentrations of each drug (FE and ATC) and conformer para-
aminobenzoic acid (PABA) (in the molar ratio of 0.25:1:1) were
combined and mixed for 30 minutes [21] with a mortar and
pestle. During the grinding process, a few drops of ethanol were
added to the powder mixture. After grinding, the mixture was

left to dry naturally for 2 days to allow the solvent to evaporate.
The crystals that resulted from this process were crushed in a
mortar and pestle and kept at room temperature (Fig. 2).

Characterization of fenofibrate—atorvastatin calcium—para-
aminob—enzoic acid multidrug Cocrystals

Thermal characterization

DSC was performed using the DSC7020 thermal
analysis system (HITACHI) to evaluate the thermal properties
of fenofibrate—atorvastatin calcium—para-aminobenzoic acid
multidrug cocrystals. Approximately 2—5 mg of the sample was
placed in an aluminum pan and heated from 30 °C to 300 °C
under a nitrogen atmosphere at a flow rate of 40 ml/minute to
observe melting, crystallization, and glass transition events [22].

Fourier transform infrared spectroscopy (FT-IR)

From 4,000 cm™ to 400 cm™, FT-IR spectra were
recorded on a Nicolet iS10 spectrophotometer (Precisa XM60).
A DTGS KBr detector was used to gather and examine the
prepared multidrug cocrystals [23].

Powder X-ray diffraction (PXRD)

Fenofibrate—atorvastatin calcium—para-aminobenzoic
acid multidrug cocrystals PXRD patterns were obtained via a
silicon sample holder and an Ultima IV system operating at
room temperature. Each sample was mounted on a motorized
goniometer head that allowed it to spin while the data were
being collected, and the instrument was fitted with a fine-focus
X-ray tube [24]. At a voltage of 40.0 kV and a current of 40.0
mA, the samples were irradiated with Cu-K (o) radiation that
had been Ni-filtered. At a diffraction angle of 2°/minute, the
scanning rate was varied from 3° to 50°. After the values for 2
were obtained, a graph was drawn [25].

Scanning electron microscopy (SEM)

Scanning electron microscopy was used to inspect the
surface appearance and structure of cocrystals of fenofibrate,
atorvastatin calcium, para-aminobenzoic acid (JEOL FESEM
FEI Nova NanoSEM 450). Samples of fenofibrate—atorvastatin

Para Amino Benzoic acid

Fenofibrate

30 min grinding

Fenofibrate - Atorvastatin calcium -
Para Amino Benzoic acid Multidrug
Co-crystals

Figure 2. Preparation of FE-ATC—PABA multidrug cocrystals by liquid-assisted grinding method.
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calcium—para-aminobenzoic acid cocrystals were sheltered
with a thin layer of gold—palladium via a sputter-coated unit,
and mounted on double-faced adhesive tape, and the surface
topography was studied. At 100X and 1,000X, different
resolutions of images were acquired [26].

Solubility studies (saturation solubility)

To determine the saturation solubility’s of fenofibrate
and atorvastatin calcium, powder equivalent to 10 mg of
fenofibrate and atorvastatin calcium was added to a screw-
capped bottle containing 10 ml of phosphate buffer (pH 7.4).
The suspensions were stirred continuously for 72 hours at
750 rpm via a magnetic stirrer. After the stirring process was
complete, 1ml of solution was taken and diluted to 10 ml with
phosphate buffer at pH 7.4, and the aliquots were filtered with
Whatman’s filter paper No. 41. The samples were then evaluated
spectrometrically via a doubled beam UV spectrophotometer
(Lab India 3200 UV Double Beam Spectrophotometer, Jasco) at
286 and 246 nm and the results were validated statistically [27].

Dissolution study

A dissolution rate study of fenofibrate—atorvastatin
calcium—para-aminobenzoic acid multidrug cocrystals powder
was performed via the USP apparatus II paddle type (Lablndia,
model DS 8000, 2014). A total of 900 ml of phosphate buffer
solution with a pH of 7.4 was used for the dissolution test.
An equivalent of 10 mg of FE or ATC was transferred to each
dissolving flask, and the stirring speed was adjusted to 75
rpm [28]. For 60 minutes, the temperature was maintained at
37°C £ 0.5°C. Samples from the dissolution medium were
taken at predetermined intervals of 5, 10, 15, 30, 45, and 60
minutes. After each time interval, the dissolution media was
changed to maintain a steady concentration gradient [29]. After
the samples were passed through Whatman filter paper no. 41,
the absorbance was determined via a UV spectrophotometer at
wavelengths of 286 nm and 246 nm. A three-replicate study was
conducted to ensure accuracy and reliability [30].

RESULT AND DISCUSSION

Evaluation of coformers

The goal of the current work was to improve the
dissolution profile of two poorly soluble drugs, ATC and
FE, through cocrystallization using coformers. This study
emphasizes how important it is to choose the right coformer
when creating a stable, improved cocrystal. To choose the
best coformer, the binding energy and hydrogen bonding
characteristics were taken into consideration. The coformer
with the lowest binding energy was determined to be the most
advantageous conformation via the docking search technique.
Additionally, hydrogen bond interactions are estimated and
described; the presence of H-bonds indicates a stable association
between the ligand and receptor—ligand. The receptor—ligand
and ligand interactions exhibit strong binding energies. Para-
aminobenzoic acid, malonic acid, succinic acid, citric acid, and
ascorbic acid were selected as coformers in this investigation.
The coformer for creating cocrystals of fenofibrate and
atorvastatin calcium was chosen according to the possibility
of interaction, namely hydrogen bonding, docking score, and
compatibility. The table given contains condensed information.
Figure 3 shows a radar chart-based visual comparison of the
docking scores. A radar chart has several axes that indicate
several categories, and points are displayed along each axis to
reflect the data. A data series can be produced by connecting
the points. A point on an axis that is nearer the center represents
a lower value, whereas a point that is farther from the center
indicates a higher value.

An analysis of the radar charts and docking scores
derived from molecular modeling revealed that para-
aminobenzoic acid had the least favorable score (Fig. 4). The
interaction between the API and coformer is determined by van
der Waals forces and electrostatic energy. A higher docking
score indicates a greater potential for repulsion, whereas a lower
docking score signifies a reduced potential (Tables 1 and 2).

The utilization of ethanol as a solvent and PABA as a
coformer in solvent-assisted grinding yielded the satisfactory
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Figure 3. Application of radar chart to evaluate the Docking Score of selected coformers for preparation of cocrystals.
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Figure 4. Hydrogen bonding of fenofibrate and atorvastatin calcium with para-aminobenzoic acid.

Table 1. Virtual screening of coformers using molecular docking for fenofibrate.

Sr. Molecular Types of Binding energy
No. Name of Coformer formula interaction (kcal/mol)
1 Benzoic acid C,H,COOH Hydrogen -3.0
Bonding
n-T interaction
2 Para-aminobenzoic C.H,NO, Hydrogen -3.8
acid bonding
n-T interaction
3 Citric acid CH,0, Hydrogen —2.7
bonding
4 Succinic acid CHO, Hydrogen -1.9
bonding
n-T interaction
5 Ascorbic acid HCH.O, Hydrogen -14

bonding
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Table 2. Virtual screening of coformers using molecular docking for atorvastatin calcium.

Sr. Name of Structure Molecular Types of Binding energy
No. Coformer formula interaction (kcal/mol)
1 Benzoic acid C,H,COOH Hydrogen -33
bonding
2 Para- C,H,NO, Hydrogen -33
aminobenzoic bondin
acid J
T-T interaction
3 Citric acid CH,O, Hydrogen 2.7
bonding
4 Succinic acid CHO, Hydrogen -2.5
bonding
5 Ascorbic acid HCH.O, Hydrogen 2.5
bonding

formation of FE-ATC-PABA cocrystals. The initial evaluation
of cocrystal formation involved comparing the properties of the
pure drug with those of the cocrystals.

Thermal evaluation of cocrystals

The differential scanning calorimeter (DSC 7020
thermal analysis system HITACHI) is a method for thermal
analysis that can be used to detect melting and crystallization
events as well as the glass transition temperature. It could
be used to identify melting and crystallization events. The
DSC thermograms of fenofibrate and atorvastatin calcium
showed sharp melting endotherms at 80.90°C and 150.70°C,
respectively. The melting point of the cocrystals (77.60°C)
differed noticeably from that of the pure drugs. As shown in

the Figure, the cocrystals presented distinct acute endothermic
peaksatlowertemperatures, whereasthe individual components
did so at higher temperatures. DSC studies successfully
confirmed the formation of fenofibrate—atorvastatin calcium—
PABA cocrystals by showing the disappearance of the pure
drug’s melting peaks and the appearance of new thermal
events. The altered thermal properties of the cocrystals,
coupled with their improved solubility and dissolution,
suggest that the cocrystallization method effectively enhances
the physicochemical properties of these drugs, making them
a promising approach for improving their clinical efficacy.
This finding suggests that cocrystal formation and component
interactions may be possible (Fig. 5).
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Figure 5. Differential scanning colorimetry of A) fenofibrate, B) atorvastatin
calcium, and C) fenofibrate—atorvastatin calcium cocrystals.

Fourier transform infrared spectroscopy

As shown in the image, the FTIR analysis revealed
shifts and fluctuations in the peak intensities of both FE and ATC
and associated cocrystals. The presence of hydrogen bonding in
the cocrystals was shown by changes in the O-H peak strength,
which decreased. In addition, a decrease in the frequency of N-H
bond stretching revealed that hydrogen bonding was present in
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Figure 6. FITR graph of A) fenofibrate, B) atorvastatin—calcium, and C)
overlay of fenofibrate—atorvastatin calcium cocrystals.

the cocrystals. The role of the degree and strength of the hydrogen
bond is to reduce the frequency (Fig. 6).

Powder X-ray diffraction

The figure displays the X-ray diffraction patterns for
fenofibrate and atorvastatin calcium. Both APIs exhibit distinct,
sharp peaks with varying intensities, indicating their crystalline
nature. The degree of crystallinity and the interactions between
the materials in the prepared cocrystals were examined via
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PXRD. Compared with the individual components, such
interactions can result in the emergence of new diffraction
peaks. The PXRD spectra of the cocrystals differ from those of
the individual components, confirming the creation of a novel
phase. Furthermore, the reduced crystallinity of the APIs in the
cocrystals may have contributed to the improved dissolution of
the prepared samples (Fig. 7).
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Figure 7. PXRD spectra of A) fenofibrate, B) atorvastatin calcium, and C)
fenofibrate—atorvastatin calcium cocrystals.

FTIR and PXRD analysis: peak values and interpretation

In the FTIR spectra, fenofibrate showed characteristic
peaks at 1,735 cm! (C=0O stretching) and 1,242 cm™ (C-O
stretching), while atorvastatin calcium displayed peaks at 3,360
cm! (O—H stretching) and 1,650 cm™ (C=0 stretching). Upon
cocrystallization with PABA, notable shifts were observed—such
as the C=0 stretching peak shifting to 1,720 cm™ and broadening
of the O-H band, indicating hydrogen bond formation and
molecular interactions between drugs and the co-former.

In PXRD analysis, pure fenofibrate showed sharp
peaks at 20 = 4.7°, 12.3°, and 17.8°, and atorvastatin calcium
showed distinct peaks at 20 = 9.2°, 16.3°, and 22.7°. The
cocrystals, however, exhibited new peaks at 20 = 10.5°, 15.1°,
and 20.3°, along with reduced intensity or disappearance of
original peaks, confirming the formation of a new crystalline
phase. The appearance of blended and less intense peaks also
suggests partial amorphization.

Together, the shifts in FTIR peaks and the changes in
PXRD patterns clearly indicate successful cocrystal formation,
structural transformation, and strong intermolecular interactions
between the drug molecules and PABA, contributing to improved
solubility and dissolution. It is explained in Tables 3 and 4.

Scanning electron microscopy

Figures 8, 9, and 10 display SEM images of fenofibrate
and atorvastatin calcium at various magnifications. The SEM
images clearly reveal the morphological characteristics of
the pure materials as well as their cocrystallization products.

Table 3. FTIR spectral data of pure drugs and cocrystals with

interpretation.
Characteristic Cocrystal .
Component peaks (cm™)  peaks (cm™) Interpretation
Fenofibrate 1,735 (C=0), 1,720 (C=0O  Shift indicates hydrogen
1,242 (C-0) shifted), bonding and interaction
1,235 (C-0) with PABA
Atorvastatin 3,360 (O-H), Broad O-H  Broadening and shift
calcium 1,650 (C=0) around show molecular
3300, 1,635 interaction in cocrystal
(C=0)
Cocrystal — Combined  Confirms formation of
(with PABA) and shifted new supramolecular
peaks structure

Table 4. PXRD peak comparison of pure drugs and cocrystals with

interpretation.

Characteristic Cocrystal .
Component peaks (20) peaks (20) Interpretation
Fenofibrate 4.7° 12,35 Absent or Ef:g?fﬁ;a:r‘;e ilrrllfl“c:aiial

17.8° reduced £ 24
structure
Atorvastatin 9.2°,16.3°, Absent or  Supports structural
calcium 22.7° reduced transformation
k fi

Cocrystal 10.5°, 15.1°, :Ievsvnﬁf;l: le:s:;?lé‘ew
(with PABA) 20.3° Ty p

partial amorphization
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Figure 9. SEM photographs of atorvastatin calcium a) at X500 magnification and b) at x1,000 magnification.
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Figure 10. SEM photographs of fenofibrate—atorvastatin calcium cocrystals a) at x1,000 magnification and b) at x2,700
magnification.

The morphology of the prepared cocrystals, observed through liquid-assisted grinding method led to partial amorphization,

SEM analysis, showed irregular spherical shapes, which resulting in a more disordered, less crystalline surface. This is
were significantly different from the well-defined crystalline further supported by PXRD data, where the cocrystals exhibited
structures of the pure drugs. This change in surface structure blended and less intense peaks compared to the sharp peaks
indicates a transformation during the cocrystallization process. of pure drugs, confirming the formation of a new, partially

The use of para-aminobenzoic acid as a coformer and the amorphous solid phase with improved solubility characteristics.
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Figure 11. In vitro dissolution profile for ATC: FE: PABA Cocrystals for
batches (1:1:1, 0.5:1:1, 0.25:1:1) at pH 7.4.

In vitro dissolution study

An in vitro study was conducted to determine how
the produced formulations behaved during dissolution in vitro.
After taking medication into account for 60 minutes, the amount
of medication released is shown in the Figure. According to the
results, the ATC: FE: PABA (0.25:1:1) cocrystal batch showed
the greatest drug release (Fig. 11).

CONCLUSION

In the present work, fenofibrate—atorvastatin
calcium—para-aminobenzoic acid cocrystals presented
outstanding physicochemical properties (solubility and
dissolution rate) compared with those of pure medications.
The excipients that have been used in the formulation are
xanthan gum, sodium alginate, magnesium stearate, and
microcrystalline cellulose. On the basis of the results of
the present study, cocrystals with para-aminobenzoic acid
prepared via liquid-assisted grinding had better solubility, pH-
independent drug release, and dissolution rates than did pure
drugs. Fenofibrate and atorvastatin calcium were evaluated
by FTIR, DSC, PXRD, and SEM analyses. Compared with
the pure drugs, cocrystals with para-aminobenzoic acid
prepared via the technology of liquid-assisted grinding
method showed improvement in the solubility as compared
to pure drugs. The cocrystallization of atorvastatin calcium
and fenofibrate improves solubility, potentially enhancing
oral bioavailability and therapeutic effectiveness. It enables
the development of fixed-dose combinations, reducing pill
burden and improving patient compliance. This dual-drug
delivery platform is scalable, commercially viable, and offers
personalized treatment options for managing dyslipidemia.
In future studies, the cocrystals can be tested in animals to
check how well the drugs are absorbed and how long they
stay in the body. Their stability over time can also be studied.
Further work can focus on making these cocrystals on a
larger scale and turning them into suitable tablets or capsules
for real use.
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