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Abstract

Ibrutinib, a Bruton's tyrosine kinase (BTK) inhibitor used in the treatment of B-cell malignancies, faces significant
limitations due to its poor aqueous solubility and low oral bioavailability. To address these challenges, the present study
aimed to develop and characterize solid lipid nanoparticles (SLNs) of Ibrutinib using the homogenization-bath
sonication method. Preformulation studies, including FTIR and PXRD, confirmed no chemical interaction between
Ibrutinib and excipients and revealed conversion of the drug from crystalline to amorphous form, thereby enhancing
solubility. Gelucire 44/14 was selected as the optimal lipid, with Labrasol and Tween 80 chosen as lipophilic and
hydrophilic surfactants, respectively, based on their emulsification efficiency and stability enhancement properties.
Among the formulations developed (S1-S6), formulation S6 showed the most favorable characteristics: a particle size
of 132.6 nm, PDI of 0.219, zeta potential of -31.2 mV, and entrapment efficiency of 96%. In vitro drug release of S6
demonstrated a biphasic pattern with an initial burst followed by sustained release, achieving 99.5% release over 24
hours. Drug release kinetics followed the Korsmeyer-Peppas model, suggesting a combined diffusion and erosion
mechanism. Stability studies conducted at 40 + 2 °C and 75 * 5% RH for one month indicated no significant deviation in
physical parameters or drug content, confirming the robustness of the formulation. In conclusion, the optimized SLN
formulation of Ibrutinib successfully improved solubility, sustained drug release, and exhibited excellent stability,
making it a promising approach for enhancing therapeutic efficacy.
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1. Introduction

Ibrutinib is an orally administered, first-in-class Bruton's tyrosine kinase (BTK) inhibitor approved for the treatment of
various B-cell malignancies, including chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), and
Waldenstréom's macroglobulinemia. Despite its clinical success and broad therapeutic potential, Ibrutinib’s
development is significantly challenged by its poor aqueous solubility and limited oral bioavailability. Classified under
the Biopharmaceutical Classification System (BCS) as a Class II drug, Ibrutinib exhibits high membrane permeability
but poor solubility, which limits its absorption and contributes to variable pharmacokinetics!2.

To overcome these limitations, nanotechnology-based drug delivery systems—particularly Solid Lipid Nanoparticles
(SLNs)—have emerged as a promising strategy. SLNs are submicron colloidal carriers composed of physiological lipids
that remain solid at room and body temperatures. They combine the advantages of traditional carriers like liposomes
and polymeric nanoparticles, such as biocompatibility, controlled release, physical stability, and protection of labile
drugs from chemical degradation3*.

The nanoencapsulation of Ibrutinib in SLNs addresses its key pharmaceutical challenges. By reducing particle size to
the nanometer range, SLNs significantly increase the drug’s surface area, enhancing dissolution rate and solubility. The
lipid matrix not only protects Ibrutinib from enzymatic degradation but also facilitates lymphatic uptake, thereby
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bypassing first-pass metabolism, which is a major hurdle in oral Ibrutinib therapy. Moreover, SLNs enable controlled
and sustained drug release, potentially improving therapeutic efficacy while minimizing systemic toxicity and dosing
frequency>S.

2. Materials

Ibrutinib was generously gifted by Natco Pharma Ltd. Various lipids including Gelucire 44 /14, Glyceryl monostearate,
Stearic acid, Cetyl alcohol, and Glyceryl monooleate were procured from A.S. Chemicals. Surfactants such as Tween 80,
Tween 20, Span 80, PEG 200, PEG 400, Pluronic F-68, Labrasol, Capryol 90, and Transcutol P were obtained from Finar
and Gattefosse. Analytical-grade solvents including methanol and ethanol were sourced from Merck. All other reagents
used were of analytical grade.

2.1. Methods

2.1.1. Determination of Amax

A 10 mg quantity of Ibrutinib was dissolved in methanol and scanned using a UV-Visible spectrophotometer in the 200-
400 nm range. The Amax was identified at 260 nm?2389,

2.1.2. Calibration Curve of Ibrutinib

A standard stock solution (100 pg/mL) was prepared in methanol. Serial dilutions (2-14 pg/mL) were measured at 260
nm. A linear calibration curve was established to quantify drug content289.

2.1.3. Drug-Excipient Compatibility

Fourier Transform Infrared (FTIR) spectroscopy was used to assess chemical interactions. Pure drug, excipients, and
1:1 drug-excipient physical mixtures were analyzed for characteristic peak shifts or disappearance in the 4000-400
cm™! range using the KBr pellet technique?-.

2.1.4. Partition Coefficient (log P)

Using the shake-flask method, Ibrutinib was equilibrated between n-octanol and water. The concentration in each phase
was analyzed spectrophotometrically to calculate log P, which was found to be approximately 0.87210-14,

2.1.5. Powder X-Ray Diffraction (PXRD)

PXRD patterns of pure Ibrutinib and SLN formulations were compared in the 26 range of 10°-50° using Cu-Ka radiation
to determine crystallinity and confirm amorphous transformation5-17,

2.1.6. Solubility Studies

Ibrutinib solubility was tested in various surfactants and lipids. Excess drug was added to each excipient and shaken at
37 £ 0.2°C for 72 hours. Samples were centrifuged, filtered (0.45 pm), and analyzed by UV-Vis spectroscopy to identify
suitable components for formulation?8.

2.1.7. Preparation of Solid Lipid Nanoparticles (SLNs)

SLNs were prepared using a homogenization-bath sonication technique. The lipid (Gelucire 44/14) was melted and
mixed with Ibrutinib and Labrasol. Separately, Tween 80 was dissolved in water and added dropwise to the lipid phase
at equal temperature. The pre-emulsion was homogenized at 3000 rpm for 6 hours, followed by sonication for 2 hours.
The final dispersion was cooled, filtered, and dried9-24,

2.1.8. Formulation Design

Six formulations (S1-S6) were developed by varying the concentrations of Labrasol (25-100 mg) and Tween 80 (50-
100 mg) while keeping the drug (50 mg) and lipid (200 mg) constant in 10 mL volume.
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2.1.9. Characterization of SLNs

Particle Size and Zeta Potential

Measured using Dynamic Light Scattering (DLS) at 25°C. Polydispersity index (PDI) and zeta potential were also
determined to assess stability.

Entrapment Efficiency

Unentrapped drug was separated by centrifugation. The SLNs were lysed using methanol, and total drug content was
analyzed using UV-Visible spectrophotometry.

In Vitro Drug Release

Evaluated using a dialysis bag method in methanolic PBS (pH 7.4, 50:50 v/v) at 37 + 0.5°C. Aliquots were withdrawn at
regular intervals up to 92 hours and analyzed at 260 nm?25-28,

2.1.10. Accelerated Stability Studies

Optimized formulation (S6) was stored at 40 + 2°C and 75 * 5% RH for 1 month. Parameters such as particle size, PD],
zeta potential, and drug content were monitored for stability assessment?°.

3. Results and Discussion

The analytical and preformulation studies conducted for the development of Ibrutinib-loaded solid lipid nanoparticles
(SLNs) provided a foundational understanding of the drug's physicochemical characteristics and its compatibility with
various excipients. UV-Visible spectrophotometric analysis revealed a maximum absorption wavelength (Amax) of 260
nm, which was used for all subsequent quantitative evaluations. A calibration curve constructed in the concentration
range of 2-14 pug/mL exhibited excellent linearity, confirming the reliability of UV spectroscopy for Ibrutinib analysis,
with a high correlation coefficient (R?). Furthermore, the partition coefficient (Log P) was calculated to be 0.872,
indicating moderate lipophilicity, which is favorable for both encapsulation into lipid matrices and oral bioavailability

enhancement.

In the preformulation studies, FTIR spectroscopy was employed to examine potential interactions between Ibrutinib
and the selected excipients. The characteristic peaks of the drug were retained in the physical mixtures, indicating no
significant chemical interactions or incompatibilities, thereby confirming the formulation's stability. PXRD analysis
showed that pure Ibrutinib exhibited sharp crystalline peaks, while the optimized SLN formulation demonstrated a
significant reduction in crystallinity, suggesting an amorphous nature. This transition is crucial as it implies enhanced
solubility and dissolution rate of the drug when incorporated into the SLN matrix.
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Figure 1 Spectrum IR of Ibrutinib
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Figure 2 Spectrum IR of Optimized Solid Lipid Nanoparticle

For excipient selection, Gelucire 44 /14 emerged as the most suitable solid lipid due to its superior solubilizing capacity
for Ibrutinib. Labrasol was selected as the lipophilic surfactant because of its excellent emulsification properties, and
Tween 80 was chosen as the hydrophilic surfactant for its ability to stabilize the formulation and improve zeta potential.
The SLNs were prepared using the homogenization-bath sonication method, which allowed for efficient size reduction
and uniform dispersion. Six different formulations (S1 to S6) were developed by varying the concentrations of
surfactants while keeping the drug and lipid content constant.
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Figure 3 Solubility of Ibrutinib in various Hydrophilic Surfactants
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Figure 4 Solubility of Ibrutinib in various Lipophillic Surfactants

28



GSC Biological and Pharmaceutical Sciences, 2025, 33(02), 025-032

& 5

Solbley of Ibntnb (gl

Solubility of Ibrutinib in Various Lipids

Culara 4414
Ligdrin

Figure 5 Solubility of Ibrutinib in various Lipids

Rl

Zhverazs idom) 136
Bl 0216

Intarcapt: 14

ltasul quelry: oo

Inleasty (Peroent)
s

Sirn 40,0 % Intereily: S Mow idn.
Peak 1. 132 6 1000 347
Praak 2 apa 0. 0o.oo
Faak i RHRE ad L

Hlze UEAdbution by inbenz By

S ldnm!

Figure 6 Size and PDI of Optimized formulation S6 (IBR SLN)
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Figure 7 Zeta potential of Optimized formulation S6 (IBR SLN)

Characterization of the optimized formulation, S6, demonstrated highly desirable physicochemical attributes. The
average particle size was found to be approximately 132.6 nm, which is ideal for enhanced bioavailability and cellular

29



GSC Biological and Pharmaceutical Sciences, 2025, 33(02), 025-032

uptake. The polydispersity index (PDI) was 0.219, indicating a narrow and uniform particle size distribution. A zeta
potential of -31.2 mV confirmed strong electrostatic stability, reducing the risk of particle aggregation. Entrapment
efficiency was impressively high, reaching up to 96% for S6, while drug loading was also optimized, suggesting that the
formulation can effectively carry and retain the therapeutic agent.

In Vitro DOrug Release Profiles of lbrutinib SLN Formulations (S1-56)
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Figure 8 Drug release from Ibrutinib SLN (S1-S6)

In vitro drug release studies using the dialysis bag method in a 50:50 methanol:phosphate buffer saline (PBS) medium
at pH 7.4 revealed a biphasic release profile for S6. An initial burst release was observed, likely due to surface-associated
drug, followed by a sustained release phase extending up to 24 hours, culminating in approximately 99.5% cumulative
drug release. This sustained profile is highly beneficial for maintaining therapeutic drug levels over an extended
duration. Kinetic modeling of the release data showed the best fit with the Korsmeyer-Peppas model, indicating that
the drug release was governed by a combination of diffusion and erosion mechanisms.

Stability studies conducted under accelerated conditions (40 +2°C / 75+ 5% RH) over one month demonstrated
minimal changes in critical quality attributes, affirming the robustness of the formulation. After storage, S6 maintained
a particle size of 137.59 nm, a PDI of 0.267, and a zeta potential of -30.4 mV, with drug content remaining at 99.34%.
These findings underscore the physical and chemical stability of the optimized Ibrutinib SLN formulation, highlighting
its potential for effective and patient-compliant cancer therapy.

4., Conclusion

The study successfully developed a stable and optimized solid lipid nanoparticle (SLN) formulation of Ibrutinib (S6).
The formulation demonstrated enhanced solubility and improved oral bioavailability. It exhibited a sustained drug
release profile for up to 24 hours, which is ideal for reducing dosing frequency. High entrapment efficiency ensured
effective drug loading within the lipid matrix. The optimized SLNs showed uniform particle size, low PDI, and good zeta
potential, indicating physical stability. FTIR and PXRD analyses confirmed drug-excipient compatibility and
amorphization of the drug. Accelerated stability studies confirmed that the formulation remained stable without major
deviations.
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