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1. Introduction

A simple and cost-effective chrysin—theophylline
eutectic: enhanced solubility, dissolution, and
oral bioavailability with potential for respiratory
applications

Sanket Sirmanwar and Sharvil Patil = *

Asthma and chronic obstructive pulmonary disease (COPD) are the most prevalent chronic respiratory
diseases. Theophylline is used for its bronchodilator and anti-inflammatory effects, but its clinical use is
declining due to its narrow therapeutic index and metabolism by cytochrome enzymes, which increases
the risk of drug interactions and toxicity. Chrysin, a BCS class Il flavonoid, exhibits anti-inflammatory and
antioxidant activities and is reported to inhibit cytochrome enzymes. Drug—drug eutectic mixtures are
increasingly explored to enhance the solubility and bioavailability of poorly water-soluble drugs. In this
context, a eutectic mixture of chrysin and theophylline was prepared using a simple, eco-friendly grinding
method, with theophylline (a BCS class | drug) serving as a coformer. The prepared eutectic was charac-
terized by differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), hot
stage microscopy (HSM), powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), scanning
electron microscopy with energy dispersive spectroscopy (FE SEM-EDS), in vitro dissolution studies and
in vivo pharmacokinetic evaluation in Wistar rats. DSC studies confirmed eutectic formation as its melting
point was below those of chrysin and theophylline. They also confirmed a stoichiometric ratio of 1:2
between chrysin and theophylline. FTIR studies suggested intermolecular hydrogen bonding between
chrysin and theophylline. The eutectic mixture significantly improved the aqueous solubility and dis-
solution rate of chrysin. Pharmacokinetic studies in rats showed a 3-fold increase in area under the curve
(AUC) and a 2.87-fold increase in relative bioavailability of chrysin. This dual-drug eutectic may offer com-
bined anti-inflammatory benefits and improved bioavailability for both agents, with chrysin’s cytochrome
inhibition potentially reducing theophylline degradation, supporting its therapeutic potential for possible
use in asthma and COPD.

of asthma and COPD due to its dual bronchodilator and anti-
inflammatory actions. THEO displays its bronchodilator action

Asthma and Chronic Obstructive Pulmonary Disease (COPD)
are the two most common chronic respiratory illnesses in the
world that present a substantial and increasing public health
burden. Globally, COPD is a major contributor to illness and
death. According to the Global Burden of Disease (GBD) study,
there were around 212.3 million cases of COPD in 2019.
3.3 million people died around the world. Additionally, accord-
ing to data from the World Health Organization (WHO),
262 million individuals suffered from asthma in 2019, result-
ing in 455000 fatalities."”” Theophylline (THEO), a methyl-
xanthine, is the most commonly used drug for the treatment
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through inhibition of phosphodiesterase, ultimately increasing
cAMP and anti-inflammatory action by curbing inflammatory
pathways such as NF-«xB and PI3K/Akt.>* However, though
cost-effective, the use of THEO is declining due to its narrow
therapeutic index and metabolism by cytochrome enzymes
(CYP1A2).°The combination of drugs could improve the ben-
eficial therapeutic effects of THEO.

Chrysin (CHRY) is a 5,7-dihydroxyflavone
obtained from herbs such as Passiflora caerulea and Passiflora
incarnata and propolis. CHRY exhibits potential anti-inflam-
matory activity through inhibition of NF-kB and reduction in
cytokines, and antioxidant activity by scavenging free
radicals.*” Furthermore, CHRY has shown inhibitory effects
on CYP1A2 enzymes.® Thus, the combination of THEO and
CHRY could offer synergistic benefits, enhancing anti-inflam-
matory and antioxidant protection while potentially reducing

molecule
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the required dose and toxicity risk of THEO. However, CHRY
belongs to BCS class II, having poor aqueous solubility and in
turn bioavailability, while THEO belongs to BCS class I,* which
poses a hurdle in the combination of these two molecules.

Crystal engineering is one of the widely used approaches to
resolve the poor solubility issues of drug molecules.
Furthermore, drug-drug cocrystals or eutectic formulations
could be helpful in combining two molecules for mutual
pharmacological benefits and also altering the physico-
chemical properties of the drug molecules. Eutectic mixtures
have gained popularity for altering the physicochemical pro-
perties of drug molecules due to their simple and cost-
effective preparation methods. A eutectic mixture, mostly a
two-component system, includes a drug often belonging to
BCS class II/IV and a water-soluble coformer combined in a
specific molar ratio, exhibiting a single melting point that is
lower than the melting points of the individual components.
Eutectic mixtures have shown enhanced aqueous solubility,
bioavailability and/or stability of poorly water soluble
drugs.”™!

Thus, in the present work, a drug-drug eutectic of CHRY
and THEO has been attempted, wherein THEO is used as a
coformer. The prepared eutectic was characterized using differ-
ential scanning calorimetry (DSC), Fourier transform infrared
spectroscopy (FTIR), powder X-ray diffraction (PXRD), hot
stage microscopy (HSM), thermogravimetric analysis (TGA)
and energy dispersive spectroscopy (EDS). Furthermore, satur-
ation solubility studies, in vitro dissolution studies using USP
type IV apparatus and in vivo pharmacokinetic studies in male
Wistar rats were carried out for the prepared eutectic mixture.

2. Materials and methods
2.1 Materials

Chrysin (CHRY), a light yellow crystalline solid powder, with
>98% purity was purchased from Tokyo Chemical Industry,
Japan, and anhydrous theophylline (THEO) with >98.5% purity
to be used as a co-former was purchased from Sisco Research
Laboratories (SRL) Pvt Ltd, India. Methanol was purchased
from MSB Chemical Ltd, India. Milli-Q water was obtained
from a Milli-Q water purification assembly.

2.2 Preparation of the eutectic mixture

The eutectic mixture of CHRY was prepared using the dry
grinding method. CHRY (0.1 mmol) and theophylline
(0.1 mmol and 0.2 mmol) were weighed accurately and mixed
thoroughly in 1:1 and 1:2 stoichiometric ratios using a glass
mortar and pestle under ambient conditions without the
addition of any solvent for 2-3 minutes. The mixture thus
obtained was characterized further.

2.3 Characterization of the eutectic mixture

2.3.1 Differential scanning calorimetry (DSC) analysis. The
DSC thermograms of CHRY, THEO, and CHRY-THEO (1:1)
and CHRY-THEO (1 : 2) eutectic mixtures were recorded using
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a differential scanning calorimeter (DSC7020 model, Hitachi,
Japan). The samples (3-5 mg) were hermetically sealed in an
aluminum pan and heated in a temperature range of 0-300 °C
at a rate of 10 °C min™"
environment.

2.3.2 Hot stage microscopy studies (HSM). A Linkam
Scientific Instrument Ltd (Tadworth, England) instrument out-
fitted with an EHEIM professional 4+ temperature controller
and an optical microscope (Leica S8APO) equipped with a Q
imaging camera was used to perform hot stage microscopy of
the eutectic mixture. The sample CHRY-THEO (1:2) was
heated from 50 to 250 °C at a rate of 10 °C min~" in order to
determine the melting point. The sample was brought into
focus under the microscope at 10x magnification, and images
were captured at predetermined time intervals during the
heating process.

2.3.3 Fourier transform infrared spectroscopy (FTIR). The
FTIR spectra of CHRY, THEO, and CHRY-THEO (1:2) were
recorded using a Fourier transform infrared spectrophoto-
meter (FTIR 8400, Jaco, Tokyo, Japan). The samples were tritu-
rated individually with KBr in a 1:9 ratio and filled in IR slots
to scan them in the range of 3600 to 600 cm™"'. The spectra
were analysed using Spectra Manager software (JASCO). A
blank KBr spectrum was also run to minimize interference of
peaks.

2.3.4 Powder X-ray diffraction (PXRD). The PXRD patterns
of CHRY and CHRY : THEO (1 : 2) were recorded using an X-ray
diffractometer (Xpert PRO diffractometer, PANalytical, Almelo,
The Netherlands). The diffractometer used Cu-Ka radiation to
produce a precise X-ray powder diffraction pattern, and the
voltage and current of the tube were set at 45 kV and 40 mA,
respectively. The divergence and anti-scattering slits were set
at 0.48° for the diffraction experiment with a sample size of
10 mm. Each sample was kept in a glass sample container and
scanned in the 260 range of 3.5° and 50° with a step size of
0.017° and a step length of 25 seconds per step. Malvern
Panalytical’s X’Pert HighScore software was used to enhance
the experimental PXRD patterns.

2.3.5 Thermogravimetric analysis. TGA of CHRY and
CHRY-THEO (1:2) was performed using a PerkinElmer STA
6000 Simultaneous Thermal Analyzer (Waltham, MA, USA).
The alumina crucible containing 5-10 mg of CHRY and
CHRY-THEO (1:2) powder was heated individually in the
temperature range of 25-600 °C at a rate of 10 °C per minute.
Dry nitrogen was continuously purged at a rate of 50 mL
min~' to maintain an inert atmosphere throughout the ana-
lysis. The weight loss of the sample was analysed using Pyris
Manager software.

2.3.6 Field emission scanning electron microscopy
(FE-SEM)-energy dispersive spectroscopy (EDS). The FE-SEM
images of CHRY and CHRY-THEO (1:2) were recorded using
an FEI Nova NanoSEM 450 fitted with a Bruker XFlash 6130
EDS (Billerica, Massachusetts, USA). Each sample, viz. CHRY
and CHRY-THEO (1:2), was placed on carbon tape and
sputter-coated before mounting on a stub to record the photo-
micrograph and EDS pattern. Energy dispersive X-ray spec-

in a continuous nitrogen purging
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troscopy is powerful technique used to identify the elemental
composition of a sample, particularly electronegative atoms
such as oxygen (O), nitrogen (N), and the OH group that par-
ticipate in the hydrogen bonding process. Furthermore, the
particle morphologies of CHRY and CHRY-THEO (1:2) in
terms of circularity, convexity, solidity, intensity, texture, HS
circularity, sphericity, and elongation were recorded using a
BX53 Olympus microscope. The data analysis was performed
using CLAIRITY™ (particle size analysis software).

2.3.7 Saturation solubility study. The saturation solubility
of CHRY and the prepared CHRY-THEO (1:2) was recorded.
CHRY and CHRY-THEO samples were placed in excess in
glass vials filled with water, 0.1 N HCI, and phosphate buffer
(pH 6.8, 10 mL) and kept on a rotary shaker for 24 h at 37 °C
before analysis. The samples were filtered using a Millipore
nylon membrane filter (0.45 pm) to remove any undissolved
CHRY. The filtrates were scanned using a UV visible spectro-
photometer (JASCO, Tokyo, Japan) at 270 nm.

2.3.8 In vitro dissolution study. Flow through cell appar-
atus (USP Type IV, Sotax India Pvt Ltd, India) was used to
perform in vitro dissolution tests for CHRY and CHRY-THEO
(1:2). A cell of an internal diameter of 12 mm was used for the
in vitro dissolution study. The fluid jet entering the cell was
equalized by placing a 5 mm ruby bead at the apex of the
bottom cone. The amount of sample loaded in the cell was
equivalent to 10 mg of CHRY and CHRY-THEO individually
after passing through 60-mesh sieves (mesh size 250 pm). To
retain undissolved particles, a Whatman® glass fibre filter
(GF/F, 0.7 pm pore size) was placed on the upper section of the
cell.* The dissolution medium (phosphate buffer pH 6.8) was
pumped (120 pulses per minute) through the cell and the test
was performed at 37 + 0.5 °C with a flow rate of 16 mL min™*
for 6 h followed by a change in the dissolution medium to
phosphate buffer pH 6.8. The dissolution test was performed
under non-sink conditions with a media volume of 250 mL.
The aliquots were collected at 5, 10, 15, 30, 45, 60, 90, 120,
180, 240, 300 and 360 min. The CHRY concentration was
determined using a UV visible spectrophotometer by recording
the absorbance at 268 nm.

2.3.9 In vivo pharmacokinetic study. The pharmacokinetic
parameters of CHRY and CHRY-THEO (1:2) samples upon
oral administration to rats were recorded. Male Wistar rats
weighing between 230 and 250 grams were used for the study.
The animal experimental protocol received approval from the
Institutional Animal Ethics Committee (IAEC) of Poona
College of Pharmacy, Pune, India, under reference number
PCP/IAEC/2025/1-23. The animals were kept in an environmen-
tally controlled area with free access to food and water. The
animals were divided into two groups, each containing 6
animals. The first group received a single oral dose equivalent
to 10 mg per kg body weight of an aqueous dispersion of
CHRY alone while the other group received a solution of
CHRY-THEO (1:2) using an oral gavage syringe in the fasting
state. The animals were anesthetized using ether for each
sample and blood was taken at regular intervals by puncturing
the retro-orbital plexus (ROP). Blood samples (1 ml) were col-
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lected from the retro-orbital plexus at 15, 30, 60, 120, 240, 360,
480, 720, and 1440 minutes. The samples were centrifuged at
8000 rpm for 20 minutes at 4 °C to separate the plasma. The
supernatant was stored at —20 °C before analysis. The plasma
concentration of CHRY was determined using the HPLC
method. The pharmacokinetic parameters such as Cpax, Tmax
and AUC,_,, were estimated from the plasma CHRY concen-
tration versus time profile using PK Solver Pk2 software.

HPLC method. A HPLC system (PU 2080, Japan) fitted with a
Hypersil C;g3 column with specifications of 5 pm, 250 mm x
4.6 mm was used to determine the concentration of CHRY.
The mobile phase consisted of methanol and water in an
85:15 v/v ratio. The mobile phase underwent filtration with a
0.45 pm Millipore filter and was degassed before use. The
detector was tuned to a wavelength of 268 nm, with the flow
rate regulated at 1 ml min~". The ratio of the chromatographic
peak area of CHRY to that of the internal standard (cinnamic
acid) was used for quantitative analysis.” The internal standard
was prepared at a concentration of 1 pug ml~'. CHRY concen-
trations ranging from 0.2 to 10 pg ml™" exhibited a strong
linear relationship with an R? value of 0.9989.

HPLC analysis of CHRY in plasma. Known concentrations of
CHRY (0.5-10 pug ml™") and the internal standard (1 pg ml™)
were premixed with plasma, and methanol was used as the
extraction solvent. A blank sample was prepared using
unspiked plasma. After vortexing for 1 minute, the mixture
was centrifuged at 4 °C at a speed of 8000 rpm. The resulting
supernatant was collected and introduced into the HPLC
system.

3. Results and discussion

Several common methods for the preparation of eutectic mix-
tures have been reported, such as simple mixing, heating and
stirring, ultrasound/microwave assisted synthesis and mechani-
cal grinding.">"* Considering the potential advantages such as
solvent free process, low cost, improved solid state interactions
due to application of mechanical energy, faster processing time,
scalability and devoid of the possibility of polymorphic trans-
formation or solvent inclusion of the dry grinding method, it
was utilized for the preparation of the eutectic mixture.

3.1 Differential scanning calorimetry (DSC) analysis

Initially, CHRY was mixed with THEO in a stoichiometric ratio
of 1:1 and 1:2. DSC studies were performed to ascertain the
exact stoichiometric ratio of CHRY and THEO. The DSC ther-
mograms of CHRY and THEO showed a sharp endothermic
peak at 289.5 °C with a melting enthalpy of 123 mJ] mg™" and
at 274.6 °C with an enthalpy of 132 mJ mg ™", respectively, indi-
cating their crystalline nature (Fig. 1). Surprisingly, the DSC
thermogram of CHRY : THEO (1:1) showed two peaks, one at
227.3 °C and the other at 286.2 °C. It is well reported in the lit-
erature that the melting point of a eutectic mixture is below
the melting points of the individual components.’>™” In the
case of CHRY:THEO (1:1), the first endothermic peak
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Fig.1 DSC thermograms of CHRY, THEO, CHRY-THEO (1:1) and
CHRY-THEO (1:2).

observed at 227.3 °C suggested the possibility of the formation
of a eutectic mixture; however, the broad endothermic peak
observed at 286.2 °C was indicative of melting of unreacted
CHRY. Thus, DSC studies suggested incomplete formation of a
eutectic mixture at a 1:1 stoichiometric ratio of CHRY and
THEO. Therefore, it was decided to increase the amount of the
coformer (THEO) and record the DSC thermogram of CHRY-
THEO at a 1:2 stoichiometric ratio. The DSC thermogram of
CHRY-THEO (1:2) showed a single melting endotherm at
227.3 °C with a melting enthalpy of 116 mJ mg™", which is
lower than those of both pure chrysin and pure theophylline,
confirming the formation of a eutectic mixture. Furthermore,
DSC studies also ascertained the exact stoichiometric ratio for
CHRY and THEO respectively.

3.2 Hot stage microscopy

HSM of the prepared CHRY-THEO (1:2) eutectic mixture was
performed to validate the readings of DSC (Fig. 2). The HSM
study showed complete melting of the eutectic mixture near
230 °C, leaving no residue of CHRY or THEO. The mixture dis-
played sharp melting as visible in the HSM photographs,

100°C 150 C

[¢]e.

Temp.
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suggesting depression of the melting point of the individual
components, i.e. CHRY and THEO. Moreover, no crystallization
was recorded upon cooling the molten mixture. Thus, the find-
ings of the HSM study were in agreement with DSC. The
reduction in the melting point of the eutectic mixture as com-
pared to the individual components is attributed to the
enhanced entropy of mixing and strong intermolecular inter-
actions such as hydrogen bonding that disrupts the crystal lat-
tices of the pure components.>'>1772°

3.3 FTIR

FTIR can be used to determine the chemical interactions
among the drug and the coformer. The FTIR spectra of CHRY,
THEO and the CHRY-THEO (1:2) eutectic mixture are
depicted in Fig. 3. The FTIR spectrum of CHRY showed charac-
teristic absorption peaks at 1605 cm™' associated with aro-
matic C=C stretching and aromatic ring vibrations, at
1639 cm™" associated with C=0 stretching of the flavone car-
bonyl group, and at 3410 cm™" and 3230 cm™" attributed to
the phenolic hydroxyl groups associated with C-5 and C-7 (ref.
21 and 22) (Table 1). The FTIR spectrum of THEO showed
characteristic absorption peaks at 3000 cm™" associated with

CHRY-THEO
1:2)

1710

3000

CHRY

% Transmittance
g5
&

3410 3230

L 1 L
4000 3000 2000 1000 400

Wavenumber (cm')

Fig. 3 Fourier transform infrared spectra of CHRY, THEO and CHRY-
THEO (1:2).

200°C_ 230°C

’ R
&~

L}

S

N
v

—

Fig. 2 Hot stage microscopy images of CHRY-THEO (1: 2) at different temperatures.
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Table 1 FTIR absorption peaks of chrysin, theophylline and the chrysin : theophylline (1: 2) eutectic mixture

Sr.no. Sample FTIR peaks (% transmittance)
1 CHRY 1605 cm™" (aromatic C=C stretching and aromatic ring vibrations), 1639 cm™" (C=0 stretching of the flavone
carbonyl group), 3410 cm™" and 3230 cm™" (phenolic hydroxyl groups associated with C-5 and C-7)
THEO 3000 cm™" [N-H stretching (N-9)], 1710 cm™ (carbonyl C=O stretching at C-2), 1645 cm™" (secondary amine stretching)

CHRY-THEO (1:2) 3509 cm™

C=0 stretching (C-2) of THEO

N-H stretching (N-9), at 1710 cm ™" associated with carbonyl
C=O0 stretching at C-2, and at 1645 cm™" associated with sec-
ondary amine stretching.”*** The FTIR spectra of
CHRY : THEO (1:2) showed a broad peak with a red shift at
3509 cm™" and a blue shift at 3200 cm™ for the O-H groups of
CHRY associated with C-5 and C-7, with the absence of a peak
at 3000 cm ™" associated with N-H stretching of THEO, along
with the retention of the absorption peak at 1710 cm™ corres-
ponding to C=0 stretching (C-2) of THEO (Fig. 4). Thus, FTIR
studies suggested hydrogen bond interactions between the O-
H groups of CHRY and the N-H group of THEO and also justi-
fied the stoichiometric ratio of CHRY and THEO as 1: 2.

3.4 Powder X-ray diffraction (PXRD)

The PXRD patterns of CHRY and CHRY-THEO (1:2) are pre-
sented in Fig. 5. PXRD can be used to predict the formation of
a new crystal phase if there is a change in the PXRD pattern of
the drug and/or coformer. The PXRD pattern of CHRY showed
characteristic sharp diffraction peaks at 7.37°, 12.61°, 14.91°,
17.82°, 25.24° and 28.23° 26.%° Similarly, the PXRD pattern of
THEO displayed characteristic sharp diffraction peaks at 7.14°,
12.62°, 14.46°, 23.7°, 24.26°, 25.94°, 26.74°, 27.68°, and 29.68°
260.° The PXRD pattern of the CHRY-THEO (1:2) eutectic
mixture displayed diffraction peaks at 7.6°, 12.7°, 14.02°,
17.54°, 26.42°, 27.62°, 28.54°, and 30.18°, suggesting mere
addition of peaks with minute changes. Thus, the PXRD find-
ings supported the readings of DSC, suggesting the formation
of a eutectic mixture as no new peaks were observed in PXRD.

3.5 Thermogravimetric analysis

TGA was performed to assess the thermal stability of the pre-
pared eutectic mixture.””*® Fig. 6 depicts the TGA graphs of
CHRY and the CHRY-THEO (1:2) eutectic mixture. The TGA

Fig. 4 Chemical structures of (A) CHRY and (B) THEO.

© 2026 The Author(s). Published by the Royal Society of Chemistry

" and 3200 cm™" for the O-H groups of CHRY associated with C-5 and C-7, 1710 cm™
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Fig. 5 PXRD patterns of CHRY, THEO and the CHRY-THEO (1:2)
eutectic mixture.
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Fig. 6 TGA curves of CHRY and the CHRY-THEO (1:2) eutectic
mixture.

graph of CHRY did not show any weight loss at lower tempera-
tures, although its degradation initiated at 285 °C. Similarly,
the TGA graph of the CHRY-THEO (1 : 2) eutectic mixture also
showed a single weight loss due to the degradation initiated at
230 °C. Thus, the TGA studies confirmed the thermal stability
of the prepared eutectic mixture.

3.6 FE-SEM-EDS

Energy dispersive X-ray spectroscopy (EDS), typically coupled
with scanning electron microscopy (SEM), is a technique used
for surface elemental analysis. EDS cannot directly detect
hydrogen because of its low atomic number; however, it can
confirm the presence of atoms such as F, N, and O?"?® for
ascertaining the purity of the sample. Fig. 7 presents the EDS
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Fig. 7 SEM and EDS photographs along with the elemental analysis profiles of (A) CHRY and (B) the CHRY-THEO (1: 2) eutectic mixture.

of CHRY and CHRY-THEO (1:2), revealing their elemental
composition. The EDS spectrum of CHRY showed distinctive
peaks for carbon (C) and oxygen (O). Similarly, the EDS spec-
trum of CHRY-THEO (1:2) showed distinctive peaks for
carbon (C), nitrogen (N), and oxygen (O). The presence of
nitrogen atoms in the CHRY-THEO (1 : 2) eutectic mixture con-
firmed the presence of THEO. Furthermore, the absence of
any other elements in the EDS spectrum of CHRY-THEO (1:2)
ascertained the purity of the sample.

The morphology of APIs and/or excipients have a remark-
able impact on the pharmaceutical performance of the formu-
lations prepared thereof. Thus, SEM was performed to assess
the morphological changes brought about in CHRY upon its
transformation into the eutectic due to the addition of THEO.
Fig. 7 shows the SEM photographs of CHRY and CHRY-THEO
(1:2). CHRY showed rod/blade shaped crystals while the
CHRY-THEO (1:2) eutectic displayed a polyhedral shape. The
molecular interaction between CHRY and THEO along with
the mechanical energy used during the formulation of the
eutectic might have changed the morphological characteristics
of the prepared eutectic mixture. Furthermore, particle texture,
shape, surface morphology, and convexity also have a direct
impact on the flowability, mechanical properties like tablet-
ability, compression and compaction, and drug solubility. The
morphological characteristics like circularity, convexity,
texture, and sphericity of CHRY and CHRY-THEO (1:2) were
quantitatively analysed. Circularity is a dimensionless para-
meter that measures how closely a particle appears like a com-
plete circle. It generally decreases during the dry grinding
process due to particle size reduction. The circularity of CHRY
was found to be 64.26% while that of CHRY-THEO (1:2) was
found to be 88.04%. Furthermore, convexity represents
smoothness and regularity of the particle outer boundary.

RSC Pharm.

CHRY displayed a convexity of 79.9% while CHRY-THEO (1:2)
showed 97.2% convexity. Additionally, the texture of CHRY was
28.76% while that of CHRY-THEO (1:2) was observed to be
35.24%. Moreover, the sphericity of CHRY was 64.26% while
CHRY-THEO (1:2) displayed 88.04% sphericity. Thus, the pre-
pared eutectic mixture demonstrated higher circularity and
sphericity as compared to CHRY, suggesting improvement in
flow properties due to the reduction in interparticle friction
and mechanical interlocking. Furthermore, the enhanced con-
vexity of the eutectic mixture also supported the findings of
improvement in flow properties by minimizing surface irregu-
larities. Moreover, improved circularity and sphericity also
enhance compressibility, as more regular particles pack
efficiently, reducing void spaces and increasing the tablet
strength. It is reported that the higher sphericity and smoother
texture of CHRY-THEO (1:2) versus CHRY may promote
uniform wetting and reduce agglomeration, leading to faster
and more complete dissolution.>”**

3.7 Saturation solubility study

As stated earlier, CHRY belongs to BCS II and it is well known
that the aqueous solubility of BCS class II drugs limits their
oral bioavailability. Thus, to investigate the impact on the
aqueous solubility of CHRY upon its formulation into a eutec-
tic mixture, saturation solubility studies were performed.
Table 2 presents the saturation solubility of CHRY and CHRY-
THEO (1:2) in different solvents such as pH 1.2 buffer, pH 6.8
buffer and water at 37 + 0.5 °C. The CHRY-THEO (1 :2) eutec-
tic mixture showed significant enhancements of 1.3-fold
(water), 2.09-fold (pH 1.2 buffer) and 4.59-fold (pH 6.8 phos-
phate buffer) in the solubility of CHRY. Such an enhancement
in aqueous solubility of CHRY upon its transformation into a
eutectic mixture could be associated with the formation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Saturation solubility of CHRY and the CHRY-THEO (1: 2) eutectic mixture in different solvents

Sample Distilled water (ug ml™")

0.1 N HCI (pH 1.2) (pg m1™")

Phosphate buffer (pH 6.8) (g ml™")

CHRY
CHRY : THEO (1:2) EM

330.33 + 1.5275
430 + 2** (1.30-fold)

761.67 +2.0817
1591.3 + 2.3094*** (2.09-fold)

1261.3 £2.30
5790.3 + 3.0551*** (4.59-fold)

N = 3, data were analysed using one way ANOVA followed by post hoc Dunnett’s test, with p < 0.05 considered significant. *p < 0.05 vs. control

group, **p < 0.01 vs. control group, ***p < 0.001 vs. control group.

hydrogen bonds as reflected by FTIR and the increase in the
entropy of the system due to mixing which might have dis-
turbed the regular crystal lattice of CHRY."”*°

3.8 Invitro dissolution studies

The in vitro dissolution profiles of CHRY and CHRY-THEO
(1:2) were recorded using USP type IV apparatus (Fig. 8).
CHRY alone showed cumulative 11.5% release over a period of
6 h. However, the prepared eutectic showed 96.20% of CHRY
release in a similar time duration, with 90% CHRY released
within the initial 2 h. CHRY is a weak acid (pK, 6.5) and thus
exhibits low aqueous solubility owing to its existence in a
unionized form at acidic pH. However, in the present work,
CHRY showed significant enhancement in aqueous solubility
at acidic pH 6.8. This could be associated with the fact that
THEO, a weak acid with a pK, value of 8.8, might have pro-
vided a localized buffering effect in the prepared eutectic
mixture to maintain a slightly acidic to neutral microenvi-
ronment, promoting partial deprotonation of CHRY and also
preventing the precipitation of the ionic species of CHRY in GI
fluids. Additionally, the significant (p < 0.05) improvement in
the dissolution rate of CHRY upon formulating into the eutec-
tic mixture could be attributed to the increase in entropy due
to mixing and the formation of hydrogen bonds with the cofor-
mer THEO which might have altered the crystal lattice of
CHRY. Yet, other reasons for dissolution rate enhancement in
the case of the CHRY-THEO (1:2) mixture are its higher
sphericity and smoother texture when compared to CHRY
alone, which promoted wetting and reduced agglomeration.

!
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Fig. 8 Dissolution profiles of CHRY and the CHRY-THEO (1: 2) eutectic
mixture in phosphate buffer pH 6.8 using flow through cell apparatus.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.9 Invivo pharmacokinetic study

The plasma samples showed linearity within a concentration
range of 0.5-10 pug ml™", with an R” value of 0.9993 for the
bioanalytical method used in the study. The retention times
for CHRY and cinnamic acid (IS) were found to be about
6.5 min and 4 min, respectively (Fig. 9). Moreover, the LLOQ
and ULOQ of the bioanalytical method were found to be 1 pg
ml™" and 10 pug ml™", respectively, with an accuracy of 0.34%,
suggesting minimal chances of systematic error in the ana-
lysis. Furthermore, the reproducibility of the method was
measured in terms of precision, which was found to be in the
range of +1-4% for individual deviations, suggesting good run-
to-run consistency.

The plasma concentration-time profiles of CHRY alone and
the CHRY-THEO (1:2) formulation after oral administration
of a single dose to fasting male Wistar rats are shown in
Fig. 10. The pharmacokinetic parameters extracted from the
profiles are presented in Table 3. The Cy,.x of CHRY was found
to be significantly increased by 3.60-fold when formulated into
the eutectic mixture. Moreover, approximately 3-fold increases
in AUC(y_»4) and AUC(p_.) of CHRY were seen upon its trans-
formation into the eutectic mixture with THEO. Additionally,
the relative bioavailability (Fye) of CHRY-THEO (1:2) was 2.87-
fold higher than that of CHRY alone. Thus, the findings of the
in vivo studies were in accordance with the in vitro dissolution
profiles, suggesting an improvement in the oral bioavailability
of CHRY. The significant increase in the aqueous solubility of
BCS class II CHRY could be attributed to its enhancement in
bioavailability. THEO, a BCS class I molecule, has been
reported to show 96% oral biovailability.***" THEO was con-

6.0E+04

5.0E+04

mAU 4.0E+04

3.0E+04 |
CHRY

0.0E+00- — — ) J S~ X
2.00 400 6.00 8.00 10.00

[min]

Fig. 9 Representative chromatogram of CHRY and cinnamic acid (IS)
spiked in rat plasma.
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Fig. 10 Plasma CHRY profiles of CHRY alone and the CHRY-THEO
(1:2) eutectic mixture upon administration of a single oral dose in
Wister rats (N = 6).

Table 3 Pharmacokinetic parameters of CHRY after oral gavage admin-
istration to rats

Pharmacokinetic parameters CHRY CHRY-THEO (1:2)
Crnax (ug mL ™) 1.31+£1.29 4.72 + 0.37%*%*
Tonax (D) 4 4

AUC,_, (h pg mL™) 10.62 + 2.06 30.51 & 2.61%**

ty2 (h) 3.82 £ 0.39 6.67 + 1.04%**

Cl (mL min™") 0.23 + 0.07 0.081 + 0.004%**
Foq — 2.87

Mean + SEM, n = 6. Data were analyzed using ANOVA followed by post
hoc Dunnett’s test. Statistical significance compared with CHRY. ***P <
0.001, **P < 0.05.

sidered as a coformer in the present study and owing to the
fact that it belongs to BCS class I, we did not measure the
plasma THEO levels. THEO exhibits a narrow therapeutic
index and is metabolized via CYP1A2**?*!| limiting its clinical
use. In the present work, we successfully increased the bio-
availability of CHRY, which is known to inhibit CYP1A2® and
also show anti-inflammatory activity by inhibiting key pro-
inflammatory cytokines such as TNF-a, IL-1f, IL-6, IL-12, and
IL-17A, and by downregulating nuclear transcription factor NF-
kB, a central regulator of inflammatory responses.*>* Thus,
the prepared eutectic mixture is expected to play dual roles of
reducing the dose of THEO due to the inhibition of CYP1A2
and exhibiting synergistic anti-inflammatory activity which
could be fruitful in the management of COPD and asthma.
Although the present study showed remarkable improve-
ments in the aqueous solubility and in turn the bioavailability
of CHRY, the risk associated with elevated THEO plasma con-
centrations cannot be overlooked. The inhibition of CYP1A2
enzymes by CHRY may increase the plasma THEO concen-
trations above the therapeutic level due to its narrow thera-
peutic index, which may show adverse effects such as nausea,
vomiting, tachycardia, arrhythmias, seizures, and central
nervous system toxicity. Thus, the current formulation would

RSC Pharm.
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require therapeutic drug monitoring (TDM) before it is
advanced toward clinical use. Moreover, the current work
needs further clinical evaluation to assess its suitability in the
management of COPD and asthma.

5. Conclusion

In conclusion, a eutectic mixture of chrysin was successfully
formulated with theophylline using a simple, cost-effective,
green dry grinding method in a stoichiometric ratio of 1:2
respectively. The prepared mixture was characterized using
DSC, FTIR, HSM, TGA, EDS, in vitro dissolution studies and
in vivo pharmacokinetic studies in Wistar rats. The mixture
demonstrated significant enhancements in saturation solubi-
lity, dissolution rate and in turn oral bioavailability of chrysin.
Furthermore, the prepared mixture is believed to play dual
roles in the treatment of COPD and asthma as chrysin and
theophylline together will show anti-inflammatory activity
along with improvement in the bioavailability of theophylline
due to the inhibition of cytochrome enzymes responsible for
degradation of theophylline by chrysin, for which further clini-
cal evaluations are needed. The present work demonstrates a
simple, economical method for the possible treatment of
COPD and asthma.
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