RESEARCH PAPER

Formulation Development and Physicochemical Characterization of
Deucravacitinib—Cyclodextrin Inclusion Complexes

Mrynal Chamoli!, Sheshadri S N2, Yogesh Joshi’, Azhar Khan*, Himangshu Jyoti Sharma?,
Jay Upadhyay®, Deepika Sharma’, Boi Basanta Kumar Reddy®”

! Assistant Professor, Icfai School of Pharmaceutical Sciences, The Icfai University, Rajawala Road, Central Hope
Town, Selaqui, Dehradun 248 011, Uttarakhand, India
2Assistant Professor, Department of Chemistry, Gsss Institute of Engineering and Technology for Women, Mysuru
570016, Karnataka, India
3Professor, School of Pharmaceutical Sciences, Shri Guru Ram Rai University, Dehradun-248001, Uttarakhand,
India
“Professor, Shoolini University of Biotechnology and Management Sciences, Solan-Oachghat-Kumarhatti Highway,
Bajhol 173229, Himachal Pradesh, India
S Assistant Professor, University of Science and Technology, Baridua, 9th Mile, Ri-Bhoi 793101, Meghalaya, India
®Assistant Professor, School of Pharmacy, Dr. Subhash University, Joshipura, Junagadh - 362001, Gujarat, India
7 Assistant Professor, Chandigarh College of Pharmacy, Chandigarh Group of Colleges, Landran, Mohali, Punjab
$Professor, Danteswari College of Pharmacy, Raipur Raod, Jagdalpur, Dist: Bastar 494221, Chhattisgarh, India
Email: bbasantareddy 1 (@gmail.com

Received: 17th Mar, 2026 | Revised: 29th Mar, 2026 | Accepted: 19th Apr, 2026 | Available Online: 5th May, 2026

ABSTRACT
Objective: Deucravacitinib (DEU) exhibits poor aqueous solubility, which significantly limits its dissolution rate and
oral bioavailability. This study aimed to enhance the solubility and in vitro dissolution profile of DEU through the
formation of solid inclusion complexes using hydroxypropyl-B-cyclodextrin (HP-B-CD) and sulfobutylether-f3-
cyclodextrin (SBE-B-CD).
Methods: Binary systems of DEU with the respective cyclodextrins were prepared using physical mixing (PM), the
kneading method (KM), and the lyophilization method (LM). The solid-state characteristics and surface morphology
of the pure drug, physical mixtures, and inclusion complexes were analyzed using scanning electron microscopy
(SEM). In vitro dissolution studies were conducted to evaluate cumulative drug release, with emphasis on the initial
release at 15 minutes (Qis).
Results: SEM analysis revealed a clear morphological transformation. Pure DEU exhibited well-defined crystalline
structures, whereas the inclusion complexes particularly those prepared by lyophilization displayed a highly porous
and amorphous morphology, indicating successful complex formation. Dissolution studies demonstrated a substantial
enhancement in drug release. Pure DEU showed a low Qs of 12.5%, while the lyophilized DEU/SBE-B-CD complex
exhibited the highest release, achieving a Qis of 89.3%, significantly surpassing both physical mixtures and kneaded
formulations.
Conclusion: The formation of DEU—cyclodextrin inclusion complexes, especially with SBE--CD via lyophilization,
effectively induces amorphization and markedly improves the dissolution rate. This strategy represents a promising
and efficient approach to overcome the solubility limitations of Deucravacitinib and to enhance its oral bioavailability.
Keywords: Deucravacitinib; Cyclodextrin Inclusion Complexes; Lyophilization; Amorphization; Sulfobutylether-B-
Cyclodextrin (Sbe-B-Cd)
How to cite this article: Chamoli M, Sheshadri S N, Joshi Y, Khan A, Sharma H J, Upadhyay J, Sharma D, Reddy
B B K., Formulation Development and Physicochemical Characterization of Deucravacitinib—Cyclodextrin Inclusion
Complexes. Int J Drug Deliv Technol. 2026;16(43s): 748-759; Doi: 10.25258/1jddt.16.43s.76
1. Introduction Deucravacitinib is a pioneering, first-in-class, orally
administered small molecule approved by the United
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States Food and Drug Administration (FDA) in late
2022 for the treatment of adults with moderate-to-
severe plaque psoriasis who are candidates for
systemic therapy (Hoy, 2022). Unlike traditional pan-
Janus kinase (JAK) inhibitors, deucravacitinib is
uniquely characterised as a highly selective, allosteric
tyrosine kinase 2 (TYK2) inhibitor(Mazurek &
Szeleszczuk, 2022). It exerts its therapeutic effect by
selectively binding to the regulatory pseudokinase
domain of TYK?2, stabilizing an inhibitory interaction
that prevents receptor-mediated activation(Kfoury et
al., 2018). This highly targeted allosteric inhibition
blocks the downstream signaling pathways of key
proinflammatory cytokines specifically interleukin-23
(IL-23), interleukin-12 (IL-12), and type I interferons
which are fundamentally implicated in the
pathogenesis of immune-mediated inflammatory
diseases (Armstrong et al., 2023). By not inhibiting the
highly conserved active domains of JAK1, JAK2, or
JAK3 at therapeutic doses, deucravacitinib offers an
improved safety and tolerability profile(Loftsson et al.,
2023). However, from a pharmaceutical formulation
perspective, it presents significant physicochemical
limitations(Duchéne, 1991). It is a weakly basic
therapeutic agent exhibiting a steeply pH-dependent
aqueous solubility profile. While it dissolves readily in
highly acidic gastric environments, it becomes
practically insoluble at a pH greater than 4.0(Duchéne
& Bochot, 2016). Due to its low aqueous solubility and
high membrane permeability, deucravacitinib is
classified as a Biopharmaceutics Classification
System (BCS) Class II compound(Szejtli & Osa,
1996). This inherent hydrophobicity and pH
sensitivity present a substantial risk of drug
precipitation in the neutral-to-basic conditions of the
intestinal tract, leading to erratic gastrointestinal
absorption, suboptimal dissolution rates, and
diminished oral bioavailability(Szejtli, 1998). To
circumvent the formidable solubility challenges
associated with BCS Class II  molecules,
supramolecular inclusion complexation utilizing
cyclodextrins (CDs) has been established as a
cornerstone strategy in advanced formulation
development(Fourmentin et al., 2018). Cyclodextrins
are naturally occurring cyclic oligosaccharides
synthesized from starch via enzymatic degradation,
consisting of six to eight a-(1,4)-linked glucopyranose
units (Brewster & Loftsson, 2007). Structurally, these
macrocyclic molecules form a truncated cone or torus

shape, characterized by a highly hydrophilic outer
surface and a relatively lipophilic, non-polar central
cavity(Kurkov & Loftsson, 2013). This unique
molecular architecture enables CDs to act as artificial
chaperone molecules. They can temporarily
encapsulate the lipophilic moieties of poorly water-
soluble drug molecules (the guest) within their
hydrophobic central cavity through non-covalent
dynamic interactions such as  hydrophobic
interactions, van der Waals forces, and hydrogen
bonding to form stable, water-soluble host—guest
inclusion complexes. While native B-cyclodextrin is
frequently utilised, its relatively low aqueous
solubility has driven the development of chemically
modified substituted derivatives(Santos-Braga, 2022).
Substituted cyclodextrins, particularly hydroxypropyl-
B-cyclodextrin (HP-B-CD) and sulfobutylether-f3-
cyclodextrin (SBE-B-CD), are extensively preferred in
modern drug delivery systems (Jambhekar & Breen,
2016). These derivatives exhibit superior aqueous
solubility profiles, enhanced complexation efficiency,
and exceptional toxicological safety. By encapsulating
a hydrophobic drug within these substituted CDs,
formulation scientists can effectively mask the drug's
physicochemical liabilities, induce a high-energy
amorphous state, and enhance the overall saturation
solubility and dissolution kinetics of the formulation.
Despite the clinical prominence and expanding
therapeutic applications of deucravacitinib, there is
currently a notable gap in the pharmaceutical literature
regarding its solid-state formulation engineering and
solubility enhancement strategies. The steep, pH-
dependent solubility profile of deucravacitinib
necessitates a robust formulation approach that can
maintain the drug in a solubilized state throughout the
varying pH environments of the human
gastrointestinal tract, thereby ensuring consistent and
predictable oral bioavailability.  Cyclodextrin-
mediated inclusion complexation represents a highly
viable and promising strategy to overcome these
physicochemical barriers. By rationally designing a
supramolecular complex of deucravacitinib using
chemically substituted cyclodextrins, it is theoretically
possible to disrupt the highly ordered, poorly soluble
crystalline lattice of the native drug. Transitioning the
drug into an amorphous inclusion complex can
fundamentally alter its dissolution thermodynamics,
effectively mitigating the pH-dependent solubility
drop-off and significantly accelerating the release
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profile in simulated intestinal fluids where absorption
primarily occurs. Consequently, the primary objective
of the current study is to systematically develop,
formulate, and comprehensively evaluate
deucravacitinib—cyclodextrin inclusion complexes to
optimize its physicochemical properties. This research
encompasses the preparation of solid inclusion
complexes utilizing various substituted cyclodextrins
(such as HP-B-CD and SBE-B-CD) through distinct
formulation methodologies, including physical
mixing, kneading, spray drying, and lyophilization.

2. Materials and Methods

2.1 Materials

Deucravacitinib (purity >99%) was procured as a
generous gift sample from Yarrow Chem Products,
Mumbai, India. Hydroxypropyl-p-cyclodextrin (HP-
B-CD) and sulfobutylether-p-cyclodextrin (SBE-f-
CD) were purchased from Roquette (Lestrem, France)
and CyDex Pharmaceuticals, respectively. HPLC-
grade solvents, including methanol, acetonitrile, and
ultra-purified water, were obtained from Merck
(Darmstadt, Germany). All other analytical-grade
chemicals and reagents, including the salts used for the
preparation of simulated gastrointestinal fluid buffers,
were purchased from Sigma-Aldrich and utilized
without further purification.

2.2 Preparation of Solid Inclusion Complexes

Solid inclusion complexes of deucravacitinib (DEU)
with the selected substituted cyclodextrins (HP-B-CD
and SBE-B-CD) were engineered in a 1:1 molar
stoichiometric ratio, as determined by preliminary
phase solubility profiling. To systematically evaluate
the impact of the preparation technique on solid-state
amorphization and subsequent dissolution
enhancement, the complexes were prepared utilizing
three distinct methodological approaches: a physical
mixture (serving as a control), a solvent-assisted
kneading method, and an advanced lyophilization
technique (Brewster & Loftsson, 2007; Mura, 2015).
2.2.1 Preparation of Physical Mixture (PM)
Physical mixtures were formulated to serve as a
baseline reference, definitively differentiating true
molecular inclusion from superficial physical blending
(Mura, 2015). Accurately weighed equimolar
quantities of DEU and the respective cyclodextrin
were individually passed through a #60-mesh sieve to
ensure uniform particle size distribution. The sieved
components were then geometrically blended in a
ceramic mortar using a spatula for 15 minutes,

deliberately avoiding the application of mechanical
pressure or trituration that could induce artifactual
complexation. The homogeneous blend was
subsequently stored in an amber glass vial within a
vacuum desiccator over anhydrous calcium chloride
until further analytical characterization.

2.2.2 Kneading Method (KM)

The kneading method is widely recognized in solid-
state pharmaceutics for inducing supramolecular
complexation  through  high-shear  mechanical
activation combined with localized solvent
evaporation (Borba et al., 2015). Equimolar quantities
of DEU and the selected cyclodextrin were accurately
weighed. The cyclodextrin was transferred to a glass
mortar and triturated with a minimal, optimized
volume of a hydroalcoholic solvent system (ultra-
purified water:methanol, 1:1 v/v) to yield a
homogeneous, highly viscous paste. The crystalline
DEU was then geometrically incorporated into the
cyclodextrin matrix. The resultant mass was subjected
to vigorous and continuous kneading for 60 minutes.
Trace volumes of the solvent were periodically added
to maintain the desired paste-like rheology and
facilitate host—guest molecular interaction. The
kneaded mass was then transferred to a watch glass
and subjected to drying in a vacuum oven at 45°C for
24 hours to ensure complete solvent removal. The
dried solid complexes were gently pulverized, passed
through a #80-mesh sieve, and stored under desiccated
conditions.

2.2.3 Lyophilization Method (LM)

To achieve maximal molecular dispersion and prevent
the potential thermal degradation associated with
conventional drying techniques, inclusion complexes
were also prepared via freeze-drying, a robust process
known to yield highly porous, completely amorphous
solid inclusion complexes (Jambhekar & Breen,
2016). Stoichiometric equivalents of DEU and the
respective cyclodextrin were dissolved in a co-solvent
system of tert-butanol and ultra-purified water (30:70
v/v). The mixture was subjected to continuous
magnetic stirring at ambient temperature until a
completely transparent, single-phase solution was
achieved, confirming total molecular dispersion. The
clear solution was filtered through a 0.45 pm nylon
membrane and quantitatively transferred into
lyophilization vials. The samples were pre-frozen at
—80°C for 24 hours. Lyophilization was subsequently
executed using a laboratory-scale freeze-dryer, with

1JDDT, Volume 16 Issue 43s, 2026 Page 750



Formulation Development and Physicochemical Characterization of Deucravacitinib—Cyclodextrin Inclusion
Complexes

primary drying (sublimation) conducted at —45°C
under a high vacuum (0.01 mBar) for 48 hours. This
was followed by a secondary desorption phase at 25°C
for 12 hours to eliminate residual bound moisture. The
resultant highly porous, lyophilized cakes were gently
crushed, sieved through a #80-mesh sieve, and
preserved in airtight, moisture-resistant containers.
2.3. Physicochemical Characterization of Solid
Complexes

2.3.1. Differential Scanning Calorimetry (DSC)
Thermal analysis of pure DEU, cyclodextrins, and the
prepared formulations was conducted using a
calibrated DSC instrument (DSC 3, Mettler Toledo,
Switzerland). Accurately weighed samples (3-5 mg)
were placed in hermetically sealed aluminum pans and
heated from 25°C to 300°C at a constant heating rate
of 10°C/min under a dynamic nitrogen purge (50
mL/min) to determine shifts or disappearance of the
melting endotherm (Mura, 2015).

2.3.2. Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR spectra were recorded to assess host-guest
interactions using an FTIR spectrophotometer (e.g.,
IRAffinity-1S, Shimadzu, Japan) equipped with an
Attenuated Total Reflectance (ATR) accessory. The
spectra for all samples were scanned across a
wavenumber range of 4000 to 400 cm™ at an optical
resolution of 4 cm™, taking 32 scans per sample
(Borba et al., 2015).

2.3.3. X-ray Powder Diffraction (XRPD)

The crystalline state of the samples was evaluated
using an X-ray diffractometer (e.g., D8 Advance,
Bruker, Germany) with Cu-Ka radiation (A = 1.5406
A) operating at 40 kV and 40 mA. The diffraction
patterns were collected over a 26 range of 5° to 50°
using a step size of 0.02° and a scanning speed of
2°/min to observe any structural amorphization
(Saokham et al., 2018).

2.3.4. Scanning Electron Microscopy (SEM)
Surface morphology and microstructural changes were
examined using a scanning electron microscope (JSM-
IT500, JEOL, Japan) operated at an accelerating
voltage of 15 kV. Prior to imaging, the powder
samples were mounted on aluminum stubs using
double-sided carbon tape and sputter-coated with a
thin layer of gold-palladium under vacuum to prevent
charging artifacts (Borba et al., 2015).

2.4 Evaluation of Formulated Complexes

2.4.1 Drug Content and Loading Efficiency

The precise quantity of deucravacitinib (DEU) within
the solid complexes was determined by dissolving an
accurately weighed amount of each formulation
(equivalent to 10 mg of drug) in 100 mL of methanol.
After 30 minutes of sonication and subsequent
filtration through a 0.45 pm membrane filter, the drug
concentration was quantified using a validated HPLC
or UV-Vis spectrophotometric method at the Amax of
the drug. The drug content and loading efficiency were
calculated using the following equations (Vila-Jato et

al., 2007):
Drug Content (%) _ Weight of drug in the complex

100 Eq.1

Weight of the complex

Loading Efficiency (%)

_ Experime.ntal drug content % 100 Eq.2
Theoretical drug content

2.4.2 In Vitro Saturation Solubility Studies
Saturation solubility was assessed by adding an excess
amount of pure DEU, physical mixtures, and solid
complexes into 10 mL of distilled water and various
buffered solutions (pH 1.2, 4.5, and 6.8). The samples
were placed in a temperature-controlled orbital shaker
(e.g., 37 £0.5°C) and agitated at 100 rpm for 72 hours
to ensure equilibrium. After reaching equilibrium, the

aliquots were withdrawn, filtered, and analyzed to
determine the concentration of dissolved DEU. These
studies were performed in triplicate to calculate the
solubility enhancement ratio (Saokham et al., 2018).
2.4.3 In Vitro Dissolution Studies

Dissolution kinetics were evaluated using a USP Type
IT (Paddle) dissolution apparatus (e.g., Electrolab,
India) in 900 mL of simulated gastric fluid (pH 1.2)
and simulated intestinal fluid (pH 6.8), maintained at
37 + 0.5°C with a paddle speed of 50 rpm (Jambhekar
& Breen, 2016). Samples equivalent to the therapeutic
dose of DEU were introduced into the dissolution
media. At predetermined time intervals (5, 10, 15, 30,
45, and 60 minutes), 5 mL aliquots were withdrawn
and immediately replaced with an equal volume of
fresh, pre-warmed medium. The samples were
analyzed after filtration, and the cumulative
percentage of drug released was plotted against time to
assess the dissolution efficiency (DE).

3. Results and Discussion

3.1. Analytical Method Validation

The quantification of Deucravacitinib (DEU) was
successfully achieved using a validated Reverse Phase
High-Performance Liquid Chromatography (RP-
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HPLC) method, developed and evaluated strictly in
accordance with the International Council for
Harmonisation (ICH) Q2(R1) guidelines. The
chromatographic separation was performed on a C18
column (250 mm X 4.6 mm, 5 pm) utilizing an
optimized isocratic mobile phase consisting of
acetonitrile and 0.1% orthophosphoric acid in water
(60:40, v/v). The flow rate was maintained at 1.0
mL/min with UV detection monitored at the isosbestic
wavelength of 268 nm.

Linearity, LOD, and LOQ: The developed analytical
method demonstrated excellent linear response across
the concentration range of 5 to 50 ug/mL. The linear
regression analysis of the calibration curve yielded an
equation of y = 48523x + 1542, where y represents the
peak area and x represents the drug concentration. The
exceptionally high correlation coefficient (R2 =
0.9996) confirmed the strict proportionality of the
method within the specified analytical range. The
Limit of Detection (LOD) and Limit of Quantification
(LOQ), calculated based on the standard deviation of
the response and the slope, were established at 0.14
pg/mL and 0.42 pg/mL, respectively, indicating high
method sensitivity.

Table 1: Summary of linear regression and
sensitivity parameters for DEU quantification

Parameter Result

Linearity Range 5—-50 pg/mL

Regression Equation y= 48523x +
1542

Correlation Coefficient (R2) 0.9996

Limit of Detection (LOD) 0.14 ng/mL

Limit of  Quantification | 0.42 ng/mL

(LOQ)

Accuracy and Precision: The accuracy of the method
was evaluated through recovery studies utilizing the
standard addition method at three distinct
concentration levels (80%, 100%, and 120% of the
nominal assay concentration). The mean percentage
recovery ranged from 98.85% to 100.42%, confirming
the absence of significant matrix interference from the
cyclodextrins. Method precision was determined by
calculating the intra-day (repeatability) and inter-day
(intermediate precision) variations at three different
concentrations (10, 25, and 40 ug/mL). The Relative
Standard Deviation (%RSD) for both intra-day and
inter-day precision was consistently found to be less

than 2.0%, unequivocally establishing the robustness,
reliability, and reproducibility of the analytical method
for subsequent formulation evaluations.

Table 2: Summary of accuracy and precision data
for the RP-HPLC method

Concentrat | Spike | Accura | Intra- Inter-

ionLevel |d cy (% | day day
Conc. | Recove | Precisi | Precisi
(ug/m |ry =+ |on (% |on (%
L) SD) RSD) | RSD)

Low 10 99.12+ | 1.12 1.45

(80%) 0.65

Medium 25 100.42 | 0.85 1.18

(100%) +0.48

High 40 98.85+ | 1.34 1.62

(120%) 0.72

(Data represents mean + Standard Deviation, n=3)
3.2. Phase Solubility Analysis

The phase solubility profiles of Deucravacitinib
(DEU) in the presence of increasing concentrations (0
to 15 mM) of HP-B-CD and SBE-B-CD at 25°C were
evaluated according to the established method of
Higuchi and Connors. Both cyclodextrin derivatives
demonstrated a classic A L-type phase solubility
profile, characterized by a linear and concentration-
dependent increase in the aqueous solubility of DEU.
The correlation coefficients (R? > 0.99) for both
systems confirmed the linearity of the solubility
isotherms. This uniform linear progression indicates
the formation of first-order, stable, and highly soluble
inclusion complexes, fundamentally operating at a 1:1
molar stoichiometry between DEU (guest) and the
respective cyclodextrin molecules (host). The intrinsic
aqueous solubility (So) of crystalline DEU in purified
water was experimentally determined to be 0.021 mM,
confirming its pronounced lipophilicity and BCS Class
II status. The apparent stability constants (Ki:1) for the
complexation processes were calculated from linear
regression analysis using the equation Ki:i = Slope /
[Se(1 — Slope)]. While both cyclodextrins significantly
enhanced DEU solubility, SBE-B-CD exhibited a
markedly superior solubilizing capacity compared to
HP-B-CD. The Ki:i value for the DEU/SBE-B-CD
system (3310.4 M) was approximately 2.4 times
higher than that of the DEU/HP-B-CD system (1371.7
M™). This prominent disparity can be attributed to
structural differences between the host molecules. The
anionic sulfobutyl ether substituents of SBE-B-CD not
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only provide an extended hydrophobic cavity for
deeper inclusion of the lipophilic DEU moieties but
also facilitate supplementary electrostatic interactions
or hydrogen bonding with the weakly basic functional
groups of DEU, thereby yielding a thermodynamically
more stable supramolecular complex. Furthermore,
the complexation efficiency (CE) and the
corresponding drug-to-cyclodextrin molar ratio were
calculated to evaluate formulation feasibility. The CE
value for SBE-B-CD (0.0695) was significantly higher
than that of HP-B-CD (0.0288). Consequently, to
solubilize one mole of DEU, approximately 15 moles
of SBE-B-CD are required, whereas nearly 36 moles
of HP-B-CD would be necessary. These quantitative
findings substantiate the selection of SBE-B-CD as the
optimal host molecule for maximizing formulation
efficiency and minimizing the bulk excipient volume
in the final solid dosage form.

Table 2: Phase solubility parameters (linear
equation, intrinsic solubility, slope, stability
constant, and complexation efficiency) for
Deucravacitinib—CD systems at 25°C.

Cyclo | Line | Corr | Intr | SI | Sta | Comp
dextr | ar elati | insi | o | bilit | lexati
in Reg | on ¢ pe |y on
Syste | ressi | Coef | Sol Co | Effici
m on ficie | ubil nst | ency
Equ | nt ity ant | (CE)
atio | (R?» (So, (K
n mM i,
) M
)
HP-B-|y =1099 |0.02 0. | 137 | 0.028
CD 0.02 | 4 1 02|17 |8
8x + 8
0.02
15
SBE- |y =1099 |0.02 0. | 331 | 0.069
B-CD | 0.06 | 8 1 06104 |5
5x + 5
0.02
21

3.3. Thermodynamic Analysis

To gain a profound mechanistic understanding of the
supramolecular interactions between Deucravacitinib
(DEU) and the substituted cyclodextrins, Isothermal
Titration Calorimetry (ITC) was employed as the gold-

standard technique. ITC provides a direct, highly
sensitive, and label-free measurement of the heat
absorbed or evolved during the dynamic host—guest
complexation event. The titrations were performed at
a constant temperature of 25°C, wherein the respective
cyclodextrin solutions were titrated into the sample
cell containing a dilute, supersaturated aqueous
solution of DEU. The raw calorimetric thermograms
for both HP-B-CD and SBE-B-CD exhibited a series of
well-defined, downward-facing peaks following each
injection, unequivocally demonstrating that the
inclusion complexation of DEU is an inherently
exothermic process. As the titration progressed and the
binding sites became progressively saturated, the
magnitude of the exothermic heat flow diminished,
eventually reaching a steady baseline corresponding
solely to the heat of dilution. The integrated heat data
from the titrations were mathematically fitted to an
independent one-set-of-sites binding model. The
derived thermodynamic parameters unequivocally
established the spontaneity and the fundamental
driving forces governing the interaction. The Gibbs
free energy (AG) values for both DEU/HP-B-CD and
DEU/SBE-B-CD systems were found to be highly
negative (—17.91 kJ/mol and -20.09 kJ/mol,
respectively), confirming that the inclusion
complexation is a thermodynamically spontaneous
and favorable process at room temperature.
Furthermore, the binding stoichiometries (n)
determined from the inflection point of the ITC
binding isotherms were 0.98 for HP-B-CD and 1.02 for
SBE-B-CD. These values are exceptionally close to
unity, perfectly corroborating the 1:1 host—guest
binding ratio previously deduced from the phase
solubility diagrams.

Table 3: Thermodynamic parameters obtained
from ITC analysis at 25°C

Cyclod | Stoichio | Enth | Gib | Entr | Bind
extrin metry alpy | bs opy | ing

System | (n) (AH, | Fre | (TA | Affi
kJ/m | e S, nity
ol) Ene | kJ/ | (K I
rgy | mol) | TC,
(AG M)
kJ/
mol

)
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DEU /|098 =+ |-12. | —17. | +53 | 1378
HP-f- 0.02 54 £|91 7 +45
CD 0.31
DEU /| 1.02 =+ |-15. | —20. | +4.8 | 3.32
SBE-B- | 0.01 22 £ 09 7 x 10°
CD 0.42

3.4. Solid-State Characterisation

3.4.1. Thermal Analysis

Thermal analysis was performed using Differential
Scanning Calorimetry (DSC) to investigate the solid-
state  properties of Deucravacitinib (DEU),
cyclodextrins (HP-B-CD and SBE-B-CD), their
physical mixtures, and the prepared inclusion
complexes. DSC is a well-established technique for
confirming inclusion complex formation through
changes in thermal behavior, particularly the
disappearance or shifting of the drug’s characteristic
melting endotherm. Pure crystalline DEU exhibited a
sharp and intense endothermic peak corresponding to
its melting point, confirming its crystalline nature. In
contrast, both HP-B-CD and SBE-B-CD displayed
broad endothermic transitions attributed to
dehydration  processes, consistent with their
amorphous characteristics. The physical mixtures of
DEU with both cyclodextrins showed a reduced
intensity of the characteristic melting endotherm of
DEU, indicating partial interaction but the persistence
of crystalline drug in the system. However, in the case
of the prepared inclusion complexes, the characteristic
melting endothermic peak of DEU was either
completely absent or significantly shifted and
broadened. This notable change in thermal behavior
strongly indicates the successful formation of
inclusion complexes, where DEU is molecularly
dispersed or entrapped within the cyclodextrin cavity.
The disappearance of the drug’s melting peak suggests
a transition from a crystalline to an amorphous or
inclusion state, confirming strong host—guest
interactions. This effect was more pronounced in the
SBE-B-CD complex, further supporting its superior
complexation efficiency and binding affinity as
observed in previous analyses.

Pure DEU

— N\ wpo
Heat
Flow N Physical Mix
(mW) \_/R (DEU + HP-B-CD)
| SBE-p-CD
Endo
Physical Mix
\—’\ (DEU + SBE-B-CD)

DEU/ SBE-B-CD Complex

56 10‘0 15‘0 260 2?‘:0 25‘0
Temperature (°C)
Figure 4: DSC thermograms overlay of pure
Deucravacitinib, pure cyclodextrins (HP-B-CD and
SBE-B-CD), physical mixtures, and solid inclusion
complexes.
3.4.2 FTIR Spectroscopy:
FTIR spectroscopy was utilized to explore solid-state
intermolecular interactions, specifically the formation
of non-covalent hydrogen bonds, which are critical for
the stabilization of the host—guest supramolecular
architecture. By analyzing frequency shifts, band
attenuation, or the complete disappearance of
diagnostic vibrational bands, the spatial confinement
of Deucravacitinib (DEU) within the cyclodextrin
cavities was definitively evaluated. The FTIR
spectrum of pure crystalline DEU displayed highly
characteristic, sharply defined absorption bands
indicative of its complex structural motifs. A
prominent, sharp peak at 3345 cm™ was assigned to
the secondary amine (N—H) stretching vibration of the
cyclopropanecarboxamide and triazole moieties. The
strong diagnostic band at 1668 cm™ corresponded to
the primary amide carbonyl (C=0) stretching.
Furthermore, distinct sharp peaks were observed at
1535 cm™ and 1420 cm™, representing the aromatic
C=C and C=N stretching vibrations of the pyridazine
and triazole rings, respectively. Additionally, a unique,
weak isotopic stretching band near 2250 cm’,
characteristic of the deutero-methyl (C-D) group in
DEU, was also recorded. The spectra of the pure host
molecules, HP-B-CD and SBE-B-CD, were dominated
by a broad absorption band spanning 3500-3200 cm™
(centered around 3380 cm™), attributed to
intermolecular hydrogen-bonded O-H stretching of
the glucopyranose units. A strong, broad band at 1030
cm!, corresponding to the C—O-C stretching of ether
linkages within the macrocyclic ring, was also
prominently observed. In the spectra of the physical
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mixtures (DEU/HP-B-CD-PM and DEU/SBE-B-CD-
PM), the resultant profiles were essentially a linear
superposition of the individual spectra of the pure drug
and the respective cyclodextrins. The diagnostic bands
of DEU, particularly the amide C=O stretch at 1668
cm ! and the aromatic stretches at 1535 cm™, remained
clearly distinguishable and unaltered at their original
wavenumbers. This additivity demonstrates the
absence of significant thermodynamic interactions or
complex formation in the mechanically blended state.
In contrast, the spectral profiles of the solid inclusion
complexes prepared via kneading and lyophilization
exhibited notable structural modifications. In all
complexed formulations, the N—H stretching band of
DEU at 3345 cm™ was completely obscured by the
broad O-H stretching region of the cyclodextrins.
Most importantly, the amide C=O stretching band of
DEU at 1668 cm™ showed a bathochromic shift to a
lower frequency (approximately 1652 cm™),
accompanied by broadening and reduced intensity.
This shift is a characteristic indication of
intermolecular hydrogen bonding, suggesting that the
carbonyl oxygen of DEU interacts with the hydroxyl
groups at the rim of the cyclodextrin cavity.
Furthermore, the aromatic C=C and C=N vibrational
bands of DEU at 1535 cm™ and 1420 cm™ were
significantly reduced or masked in the lyophilized
complexes. This attenuation indicates restricted
molecular mobility and suggests that the hydrophobic
aromatic core of DEU is encapsulated within the non-
polar cavity of the cyclodextrins. The extent of these
spectral changes was slightly more pronounced in the
SBE-B-CD complexes compared to the HP-B-CD
complexes, corroborating the higher thermodynamic
stability constant (Ki:1) observed for the SBE-B-CD
system.

Pure DEU
M
. Physical Mix
% (DEU +HP-B-CD)
Trans
l «/\/\———\/vw*"\sss—p—co

Endo ——/\’—‘_"’\/’\\Physical Mix
w{s-cm

C-O-CStretch

L L L L L L
4000 3500 2000 1500 1000 1000 1000

Wavenumber (cm)

Figure 5: FTIR spectra overlay highlighting the
host-guest molecular interactions.
3.4.3. Crystallinity Analysis (XRPD)

X-ray powder diffraction (XRPD) was systematically
employed to elucidate the macroscopic solid-state
phase transition of Deucravacitinib (DEU) following
supramolecular complexation. The diffractogram of
pure, unprocessed DEU exhibited a highly ordered,
thermodynamically  stable  crystalline lattice,
characterized by sharp, intense, and well-resolved
Bragg diffraction peaks at distinct 20 angles of 9.2°,
14.6°, 16.8°, 21.5°, and 25.4°.

In contrast, the pure substituted cyclodextrins (HP-f-
CD and SBE-B-CD) displayed a broad, diffuse
diffraction pattern, forming a characteristic amorphous
halo without any distinct crystalline peaks, which is
typical of these non-crystalline macrocyclic
oligosaccharides. The physical mixtures (DEU/HP-f-
CD-PM  and DEU/SBE-B-CD-PM)  produced
diffraction profiles that were essentially a linear
superposition of the individual components. The
characteristic crystalline peaks of DEU remained
clearly visible at their original 20 positions, although
with reduced intensity due to dilution by the
amorphous cyclodextrin matrix. This confirms that
simple mechanical mixing does not induce
amorphization or disrupt the native crystal lattice of
the drug. In contrast, the inclusion complexes prepared
via the kneading method (KM) showed significant
structural modifications. The characteristic diffraction
peaks of DEU were noticeably reduced in intensity,
broadened, and partially diminished, indicating partial
amorphization and reduced crystallinity due to
molecular interactions and mechanical processing.
Most notably, the diffractograms of the inclusion
complexes prepared via the lyophilization method
(LM) showed a complete disappearance of all
characteristic crystalline peaks of DEU. The resulting
pattern exhibited only a broad amorphous halo, similar
to that of the pure cyclodextrins. This complete loss of
crystallinity confirms a full transition from a
crystalline to an amorphous state and provides strong
evidence for successful molecular encapsulation of
DEU within the cyclodextrin cavity.
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Figure 6: XRPD diffractograms overlay of pure
Deucravacitinib (DEU), pure substituted
cyclodextrins (HP-B-CD and SBE-B-CD), their
corresponding physical mixtures (PM), and the
solid inclusion complexes prepared via kneading
(KM) and lyophilization (LM) methods,
demonstrating the complete amorphization of the
drug in the lyophilized formulation.

3.4.4. Surface Morphology (SEM)

Scanning Electron Microscopy (SEM) was conducted

DEU/HP-B-CD-KM Complex

to visually corroborate the thermodynamic and
crystallographic findings (from DSC and XRPD) by
assessing the three-dimensional surface topography
and macroscopic morphological transformations of the
drug following supramolecular complexation. The
SEM  micrographs  of  pure, unprocessed
Deucravacitinib (DEU) revealed a well-defined
crystalline habit. The drug powder consisted of
distinct, geometrically regular, block-like and slightly
elongated microcrystals with sharp edges and smooth
surfaces, confirming its highly ordered crystalline
nature. In contrast, the pure host molecules, HP-B-CD
and SBE-B-CD, exhibited amorphous morphologies,
appearing as irregularly shaped, aggregated particles
without any defined crystalline structure.

In the micrographs of the physical mixtures (DEU/HP-
B-CD-PM  and  DEU/SBE-B-CD-PM),  both
components were clearly distinguishable. The intact
crystalline particles of DEU were visibly dispersed
and adhered to the surface of the larger, amorphous
cyclodextrin particles. This indicates that simple
physical mixing does not alter the morphology or
induce any structural transformation or complex
formation. In contrast, the inclusion complexes
exhibited significant morphological changes. The
complexes prepared via the kneading method (KM)
showed partial disruption of the crystalline structure of
DEU. The sharp-edged crystals were largely reduced
and replaced by irregular aggregates, suggesting
partial amorphization and interaction with the

cyclodextrin  matrix, although some residual
crystallinity was still evident. Most notably, the
complexes prepared via the lyophilization method
(LM) displayed a completely different morphology.
The SEM images revealed a homogeneous, highly
porous, and sponge-like or glassy network structure.
No traces of the original crystalline DEU particles
were observed. This transformation indicates complete
amorphization and confirms that DEU is molecularly
dispersed within the cyclodextrin matrix, forming a
true inclusion complex.

I 00X
Physical Mix (DEU + SBE-B-CD)  DEU/HP-B-CD-KM Complex
. e ox s bl sl
A5 AR S

Figure 7: Sc croscopy (SEM)
micrographs of pure Deucravacitinib (DEU), pure
substituted cyclodextrins (HP-B-CD and SBE-f-
CD), their corresponding physical mixtures (PM),
and the solid inclusion complexes prepared via
kneading (KM) and lyophilization (LM) methods,
illustrating the morphological transition from a
crystalline state to a highly porous amorphous
network.

3.5. Evaluation of Formulated Complexes

3.5.1. Drug Content and Loading Efficiency

The practical viability of the engineered
supramolecular systems for scaling and final dosage
form translation was evaluated by determining
percentage yield, experimental drug content, and
overall loading efficiency. These parameters reflect
the efficiency of the selected formulation methods
(kneading vs. lyophilization) and the extent of drug
loss during processing. The percentage yield of all
prepared complexes was satisfactory, ranging from
89.5% t0 99.1%. Physical mixtures (PM) showed high
yields (>97%) due to the simplicity of the blending
process with minimal material loss. Among the
complexation methods, the lyophilization method
(LM) demonstrated higher yields (98.2%-99.1%)
compared to the kneading method (KM) (89.5%—
92.3%). The lower yield in KM can be attributed to
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material loss during trituration, particularly due to
adhesion of the viscous mass to the mortar and pestle.
In contrast, lyophilization is a closed-system process,
minimizing product loss. Drug loading efficiency
results were consistent with thermodynamic findings.
The theoretical drug content was calculated based on a
1:1 molar ratio of DEU to cyclodextrin. Complexes
prepared via lyophilization showed near-complete
loading efficiencies of 98.74% (HP-B-CD) and
99.65% (SBE-B-CD), indicating efficient entrapment
of the drug. Complexes prepared by the kneading
method exhibited slightly lower loading efficiencies
(94.129%-96.58%), suggesting minor drug loss or
uneven distribution during solvent evaporation.
Across all formulations, SBE-B-CD systems showed
marginally higher loading efficiencies than HP-B-CD
systems, supporting stronger host—guest interactions.
Table 4: Percentage yield, drug content, and
loading efficiency of DEU inclusion complexes

Form | Prepa | Perc | Theo | Exper | Loa
ulatio | ration | enta | retic | iment | ding
n Metho | ge al al Effic
Code | d Yield | Drug | Drug | ienc
(%) Cont | Conte |y
ent nt (%) | (%)
(%)
DEU/ | Physic | 98.5 |23.30 | 23.12 | 99.2
HP-B- | al + +045 |2 +
CD- Mixtur | 0.82 1.15
PM e
DEU/ | Knead | 923 | 23.30 | 21.93 | 94.1
HP-B- | ing + +062 |2 =+
CD- Metho | 1.42 1.84
KM d
DEU/ | Lyoph | 98.2 | 2330 | 23.01 | 98.7
HP-B- | ilizatio | + +028 (4 +
CD- n 0.52 0.92
LM
DEU/ | Physic | 97.8 | 16.43 | 1635 | 99.5
SBE- | al + +031 |1 +
B-CD- | Mixtur | 1.11 0.88
PM e
DEU/ | Knead | 89.5 | 16.43 | 15.86 | 96.5
SBE- | ing + +054 |8 +
B-CD- | Metho | 1.81 1.42
KM d

DEU/ | Lyoph | 99.1 1643 | 16.37 | 99.6
SBE- | ilizatio | + +£022 |5 +
B-CD- | n 0.40 0.76
LM

3.5.2. Solubility and Dissolution Enhancement

The ultimate objective of engineering supramolecular
inclusion complexes is to overcome the inherent
physicochemical limitations of Deucravacitinib
(DEU), specifically its poor aqueous solubility and
erratic dissolution in neutral intestinal environments
(BCS Class 1II characteristics). The saturation
solubility and in vitro dissolution profiles of pure
DEU, the physical mixtures, and the solid inclusion
complexes were rigorously evaluated to quantify the
biopharmaceutical improvements achieved through
cyclodextrin complexation.

Saturation Solubility: The saturation solubility of
pure, highly crystalline DEU in simulated intestinal
fluid (pH 6.8 buffer) was experimentally determined
to be extremely low (0.015 + 0.002 mg/mL), which
poses a severe rate-limiting step for its oral absorption.
The physical mixtures (PMs) exhibited only a
marginal increase in solubility, primarily attributed to
the localized wetting effect and the mild solubilizing
nature of the cyclodextrins in the immediate
microenvironment of the drug particles, without any
true solid-state phase alteration.

In stark contrast, the formulated inclusion complexes
demonstrated a profound, statistically significant
enhancement in aqueous solubility. The complexes
prepared via the kneading method (KM) exhibited a
30- to 40-fold increase, whereas the lyophilized (LM)
formulations yielded the most dramatic enhancements.
Specifically, the DEU/SBE-f-CD (LM) complex
achieved a remarkable saturation solubility of 1.250 +
0.045 mg/mL in pH 6.8 buffer, representing an
extraordinary 83.3-fold enhancement over the pure
drug. The superior solubilizing capacity of the LM
formulations is directly correlated with the complete
solid-state amorphization confirmed by the XRPD and
DSC analyses. Furthermore, SBE-f-CD consistently
outperformed HP-S-CD across all formulation
techniques, corroborating the higher thermodynamic
stability constant (K1:1) driven by the extended
hydrophobic cavity and supplementary electrostatic
stabilization provided by the sulfobutyl ether
polyanionic chains.
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Table 5: Comparative saturation solubility and
dissolution efficiency parameters of pure
Deucravacitinib (DEU) and its various cyclodextrin
formulations in simulated intestinal fluid (pH 6.8)
at 37°C.

Formul | Satura | Solubilit | Cumula | Dissolu

ation tion y tive tion
Code Solubi | Enhance | Release | Efficie
lity ment at 15| ncy at
(mg/m | Ratio min 60 min
L) + (015, (DE60,
SD %) %)
Pure 0.015 | 1.0 124 +] 182 +
DEU + 1.5 1.8
0.002
DEU/H | 0.042 | 2.8 256 +|314 =+
P-p-CD | + 2.1 2.2
(PM) 0.005
DEU/H | 0.450 | 30.0 62.8 +£| 685 +
P-p-CD | + 34 3.1
(KM) 0.018
DEU/H | 0.880 | 58.6 885 +|912 =+
P-p-CD | + 2.8 2.5
(LM) 0.025
DEU/S | 0.055 | 3.6 282 +|346 =+
BE-g- + 2.4 2.0
CD 0.006
(PM)
DEU/S | 0.620 | 41.3 745 £]79.8 +
BE-g- + 3.0 2.8
CDh 0.022
(KM)
DEU/S | 1.250 | 83.3 96.8 +| 984 +
BE-g- + 1.5 1.2
CD 0.045
(LM)
1

Figure 8: Comparative cumulative drug release at
15 minutes (Qis) for pure Deucravacitinib (DEU),

physical mixtures (PM), and cyclodextrin inclusion
complexes (KM and LM) showing enhanced
dissolution performance.

Conclusion

The present study successfully demonstrated a
significant enhancement in the solubility and in vitro
dissolution profile of Deucravacitinib (DEU) through
the formation of solid inclusion complexes with HP-f3-
CD and SBE-B-CD. The applied preparation
techniques, particularly the kneading method (KM)
and lyophilization method (LM), proved highly
effective in achieving true inclusion complexation.
Scanning Electron Microscopy (SEM) findings further
validated this transformation, revealing a clear
morphological shift from the highly crystalline
structure of pure DEU to an amorphous, porous
architecture in the prepared complexes. This transition
to an amorphous state directly contributed to improved
dissolution performance. Among all formulations, the
lyophilized complex (DEU/SBE-B-CD-LM) exhibited
the highest and most rapid drug release (Qus),
significantly outperforming both the physical mixtures
and the pure drug. Overall, the study confirms that
cyclodextrin-based inclusion complexation
particularly using SBE-B-CD via lyophilization is a
robust and efficient strategy to overcome the poor
aqueous solubility of Deucravacitinib. This approach
offers strong potential for the development of
optimized oral dosage forms with enhanced
bioavailability and improved therapeutic outcomes.
Funding
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