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Abstract

:

Ibrutinib (ITB) is a specific and novel irreversible inhibitor of Bruton’s tyrosine kinase enzyme, for which reason it exhibits potential chemotherapeutic effects against a few types of B-cell cancers. The objective of this study was to design and characterize the targeted anti-cancer moiety of ITB encapsulated in polymeric nanosponges (IBNS 1-5). The IBNSs were fabricated using the ultrasonication-assisted solvent evaporation technique. They were optimized for robust nanocarriers by varying the ratio of ethylcellulose (50–200 mg), using a constant amount 50 mg of polyvinyl alcohol ((PVA) stabilizer), and drug ITB. Optimized INBS4 containing 50 mg of ITB, PVA, and 162.5 mg of EC was prepared and was studied for anti-cancer potential. Particle analysis and EE and DL calculation of optimized IBNS4 were 640.9 nm, 0.35, −30.2 mV in size, PDI, and ζp, respectively. Physicochemical characterization (FTIR and DSC) studies of IBNS4 showed that the drug was compatible with excipients, and was encapsulated properly within the core of nanosponges. In vitro drug release studies revealed that IBNS4 followed the Higuchi matrix model with anomalous non-Fickian release kinetics. The in vitro diffusion study of I-NS4 exhibited sustained release for 24 h. Enhanced cytotoxicity effects against the MCF-7 observed with the developed NSs (IBNS4) showed 1.96 times more cytotoxic potential compared to the pure drug (ITB).






Keywords:


nanosponges; ibrutinib; anticancer; cytotoxicity












1. Introduction


Ibrutinib (ITB) is a targeted medicine that identifies and attacks cancer cells without damaging normal cells, thereby reducing lethal side effects. ITB is a specific and novel irreversible inhibitor of Bruton’s tyrosine kinase (BTK) enzyme, making it a potential chemotherapeutic agent for effectively managing some B-cell cancers [1]. ITB (Figure 1) exhibits possible anti-cancer activity by covalently binding to Cystine-serine positioning at 481 (Cys 481), present in the phosphorylation sites of BTK. This leads to the inhibition of kinase activity, perpetual inactivation, and impasse of the signals, which triggers the unrestrained growth and division of carcinogenic cells [2,3,4]. Apart from BTK, ITB has been broadly designated to inhibit the instigation of other kinases, including IL-2-inducible tyrosine kinase (IL-2), B-lymphoid tyrosine kinase (BLK), Taxotere-epirubicin-cyclophosphamide (TEC), Tec family kinases (TFK), Hematopoietic cell kinase (HCK), interleukin-2-inducible T-cell kinase (ITK), Janus kinase 3 (JAK3), and particularly ErbB receptor family, signifying the potential of ITB for further exploration against various types of tumor therapies in the future [5,6]. In addition, ITB was approved by the Food and Drug Administration as an efficient therapeutic agent for treating mantle cell lymphoma (MCL) and chronic lymphocytic leukemia (CLL) [3]. Regulatory agencies have approved the usage of ITB as a therapeutic agent in certain nations for treating CLL, MCL, and Waldenstrom’s macroglobulinemia [4,7,8]. ITB is one of the potential treatment options for gynecological malignancies, including in breasts, as evidenced by various reported investigations [9,10,11].



As per the reported studies, the bioavailability of ITB has been found to be very low (2.9%). ITB exerts a partition coefficient value of 3.74 and is a weak base showing a pH-dependent solubility leading to low bioavailability and hindering its in vivo anti-cancer effects [12]. Moreover, an increase in pH values probably leads to the precipitation of ITB when it is transported from the stomach to the intestinal environment. In addition, ITB is testified to suffer severe hepatic clearance. Due to first-pass metabolism and low bioavailability, ITB is commercially formulated in higher doses, leading to extensive adverse effects in the GIT [13]. Thus, it becomes necessary to design a substantial alternate formulation of ITB with a sustained release formulation having enhanced oral bioavailability and improved therapeutic efficacy [14,15].



During the last few years, a wide range of nanocarrier-based drug delivery systems have been reported for the effective delivery of various poorly aqueous soluble drugs due to their diversified properties including nanosize, modifiable shape and surface charge, solubilization effect, shielding effects, improved and targeted drug release, enhanced sustained or/and controlled release, and negligible or no toxicity [16]. In particular, the smaller hydrodynamic size of nanocarriers exhibited advantageous effects for their accretion within the tumor microenvironment due to improved permeability and retaining effects, leading to reduced or negligible adverse effects of the drug. Amongst various polymeric nanocarriers, nanosponges (NSs) have been reported as a potential platform for the effective delivery of diverse therapeutics [17,18]. NSs are spherical nanocarriers with extensive hollows and a larger porous surface, which assists for encapsulating both lipophilic and hydrophilic drugs and can be administered orally, parenterally, and topically [19,20,21].



NSs as nanocarrier could be used for various applications, such as encapsulation of fragrance, essential oils, and drugs specifically for targeting at a site for sustained effects and prolonged release behavior. Polymers used for the fabrications of NSs were beta-cyclodextrins with cross-linker diphenyl carbonate, and ethylcellulose (EC), using the polyvinyl alcohol (PVA) as a stabilizer [16,22]. EC is a biocompatible and biodegradable polymer utilized in the pharmaceutical and food industries. NS porousness renders higher encapsulation capacity, ideal for a drug that has poor bioavailability and higher dose, suitably applied for drug delivery systems for sustained and controlled drug mechanisms. NSs prepared with EC and PVA for Olmesartan medoxomil exhibited higher cytotoxicity against A549 lung cancer lines [18]. Muqtader et al. reported that butenafine-loaded NS topical gels showed the maximum flux, sustained release, and effectiveness against the pathogenic fungal strain candida albicans [16].



The prime objective for fabricating stable polymeric nanosponges is to improve the solubility, permeability, and targeted delivery of ibrutinib to improve anti-cancer effects. Moreover, as per our search of the literature, we have not found any study reporting the anti-cancer effects of ibrutinib-loaded polymeric nanosponges against MCF-7 cells with established molecular mechanisms. This study established a robust method for developing ibrutinib-loaded polymeric nanosponges with improved sustained-release properties.




2. Materials and Methods


2.1. Materials


Ibrutinib (ITB) was procured from Mesochem Tech (Beijing, China). Polyvinyl alcohol (PVA), dichloromethane (DCM), and ethylcellulose (EC) were procured from Sigma Aldrich in St. Louis, MI, USA. The solvents and chemicals utilized here were of analytical grade.




2.2. Cell Growth


MCF-7 cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Sigma Aldrich, USA) supplemented with fetal bovine serum 10% (v/v), streptomycin (100 ng/mL), and penicillin (100 I.U/mL). The cells were then incubated at 37 °C with carbon dioxide (5%). When the cells were 80% confluent, they were sub-cultured to a fresh medium and used for cytotoxicity testing with a Gene-JET RNA Kit and cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA).




2.3. Development of Ibrutinib-Loaded Ethylcellulose-Based Nanosponges


Ibrutinib (ITB)-loaded nanosponges (NS) were developed using a probe sonication emulsification solvent evaporation method. Nanosponges were prepared by using varying proportions of EC (50–200 mg), and PVA (0.5%). Table 1 lists the chemical make-up of nanosponges comprising ITB, EC, and PVA. Disperse phase composed of ITB dissolved in 0.5 mL dimethyl sulfoxide and EC in 2 mL of dichloromethane (DCM) were kept on ultrasonication for 1 min. Drug-dissolved EC solution was then added slowly into 10 mL PVA solution dipped with a probe (Probe shaft # 423, Fisher Scientific; Waltham, MA, USA) for 5 min, with power 65% voltage. The o/w type of dispersion (organic phase in aqueous phase) was then transferred to a magnetic stirrer (Isotemp Hot Plate and Stirrer, Fisher Scientific; Waltham, MA, USA) and stirred at 750 rpm overnight in atmospheric conditions. The prepared Ibrutinib-loaded nanosponges (INS) were then centrifuged at 12,000 rpm. Supernatant was preserved for drug encapsulation and loading efficiency. The pellet was washed multiple times with Milli-Q water to remove the surfactant, and lyophilized. Freeze-dried ITB-loaded NSs were then preserved in amber tubular glass vials for further characterizations [23,24].




2.4. Particle Characterization: Size, Polydispersity Index (PDI), and Zeta Potential (ζp)


Dynamic light scattering (DLS) and photon correlation spectroscopy (Nano ZS equipment, Malvern Instruments, Malvern, UK) were used to analyze the particle size of the IBNSs at a temperature of 25 ± 2 °C. The samples were dispersed in Milli-Q water to perform particle analysis for each formulation (dilution, 1:200). Samples were ultra-sonicated for 2 min to disperse the agglomerates and filled into the sample holders for size and ζp measurements. The beam of the laser was passed and particles in Brownian motion scattered and average diameter of the particles measured [21,25,26]. Each sample was tested three times (n = 3).




2.5. Entrapment Efficiency and Drug Loading Calculation


An indirect analysis method was used to measure the percent entrapment efficiency (%EE) and drug loading (%DL) of ITB IBNSs. The samples were taken from the freshly prepared dispersion and centrifuged for 20 min at 12,000 rpm. Thereafter, the free drug was detected in the collected supernatant using UV spectroscopy (V-630 Jasco Spectrophotometer, Tokyo, Japan) at a maximum wavelength of 264 nm [27,28]. The %EE and %DL were calculated using the following equation [21]:


  % E E =   f r e e   I T B   i n   s u p e r n a t a n t   a d d e d   I T B   i n   N S s   × 100  










  % D L =   f r e e   I T B   i n   s u p e r n a t a n t   w e i g h t   o f   N S   × 100  












2.6. Fourier-Transform Infrared (FTIR) Analysis


To assess ITB’s compatibility with the stabilizers and polymers used to prepare nanosponges, FTIR analysis was carried out. Potassium bromide (KBr) was separately mixed with ITB and optimized IBNS4 before being compressed into a disc and scanned from 4000 to 400 cm−1 to identify the fingerprint region of ITB in IBNS4 (Jasco 4600 Mid-IR FTIR spectrometer, Tokyo, Japan). FTIR is one of the reliable, feasible, and economical techniques for qualitative analysis; the intensity and peak positions directly measure the nature and interactions between the materials [29,30].




2.7. Differential Scanning Calorimetry (DSC) Analysis


DSC performed physicochemical drug–excipient interaction for ITB and IBNS4 was conducted by cramping (5 mg) sample into the hemispherical aluminum pan and putting it on a 20 °C/min heating rate for temperatures ranging from 30 to 250 °C (DSC N-650; Scinco, Seoul, Korea). Nitrogen gas was passed during the testing, and thermal peaks of the samples were processed and collaged using software for interpretation [31].




2.8. XRD Crystallography


Optimized NSs (IBNS4) were characterized by X-ray diffraction (XRD) testing to study the crystal structure of materials. The sample under investigation was loaded onto a sample holder and exposed to ionized radiation (X-ray), which measures the intensity and angle of the scattered X-rays at a 2θ range of 5–75 °C. The resulting XRD diffraction pattern was analyzed and interpreted to identify the material’s crystal structure and physical state properties [29,32,33]. The results of the diffractogram (Siemens D5000 Diffractometer, Tokyo, Japan) are based on the atom and molecular lattice of materials and provide the nature of molecular adduct and degree of crystallinity of the material.




2.9. Scanning Electron Microscopy (SEM)


Optimized NSs (IBNS4) were exposed to a beam of an electron under negative pressure to capture the image using a 20 mA beam current and acceleration voltage of 5 kV to avoid the hazardous impact of an electron beam on the sample (SEM-Ultraplus, Jena, Germany). The sample under test was applied over the thin substrate using conductive adhesive, and dried; gold coating was applied over the sample to improve the sample’s electron conductivity. The sample was then scanned from the desired region and adjusted with coarse and fine adjustments by visualizing on a screen, and images were captured [34].




2.10. In Vitro Drug Release and Mathematical Model Fitting


Using the dialysis bag method at pH 1.2, the in vitro drug release behavior of the pure drug suspension and optimized NSs were evaluated. Gastrointestinal tract acidic pH was reported to be most appropriate for absorption of orally administered ITB [35]. The samples pure ITB suspension and optimized nanosponge IBNS4 (equivalent of 10 mg ITB) were dispersed in 5.0 mL (pH 1.2) and filled in a dialysis bag (molecular weight: 14 kDa) that was closed on both ends, then suspended into a beaker with 50 mL of media (pH 1.2) maintained at 37 ± 2 °C while being stirred magnetically (50 rpm). To keep the medium’s sink condition, 0.5 mL of sample was withdrawn and replenished at predetermined intervals. The drug concentration in the aliquots was evaluated using a Jasco UV/Visible Spectrophotometer V-630, Tokyo, Japan. The in vitro drug release data were obtained by plotting cumulative percent drug release [36,37].



By putting the data in the following equation and performing a regression analysis, the zero-order, first-order, Higuchi, and Korsmeyer–Peppas kinetics models were calculated [23,38]. The corresponding equation for each model is shown as follows:




	
Zero-order: Qt = Q0 + k0t



	
First-order: logQt = logQ0 − k1t/2.303



	
Higuchi: Qt = kHt1/2



	
Korsmeyer–Peppas: Mt/M∞ = ktn








where, Qt is the amount of drug dissolved during time t, Q0 is the amount of drug initially dissolved in diffusion medium, k0, k1 and kHt1/2 are the zero-order, first order and Higuchi model rate constants, respectively. Mt and M∞ are cumulative drug release at time t and infinite time, respectively. The t stands for release time, n for the diffusional exponent indicating the release mechanism, and k stands for the rate constant of I-NS structural and geometric features. Additionally, appropriate parameters were plotted in each of the aforementioned models, and the release kinetic behavior of ITB was assessed using the R2 value (coefficient of multiple determination; 0 ≤ R2 ≤ 1). The release mechanisms were also detailed [39] using the values of n = 0.45 (Case I or Fickian diffusion), 0.45 < n < 0.89 (anomalous behavior or non-Fickian transport), n = 0.89 (Case II transport), and n > 0.89 (Super Case II).




2.11. Cytotoxicity Assay against MCF-7


Firstly, MCF-7 cells were cultured in 96-well plates, incubating the cells at a density of 10,000 cells per well in 100 μL of culture medium at 37 °C and a 5% CO2 environment, allowing them to stand for 24 h for plate adherence. These cells were used against the test (IBNS4) and reference (ITB) samples and were tested by keeping alongside negative control for 48 h.



Ibrutinib and an equivalent concentration of IBNS4 were used to incubate the cells. Ibrutinib concentrations ranged from 0.78 to 100 µg/mL, while IBNS4 concentrations ranged from 16.38 to 2100 µg/mL (containing an equivalent amount of the drug). The data demonstrate relative cell viability after treatment since the MTT assay employs mitochondrial activity to distinguish between live and dead cells, which are principally targeted through mitochondria-mediated apoptosis [40,41]. The IC50 values were determined by GraphPad Prism V-5.1 using Log (inhibitor) vs normalized response on a varied slope.



Additionally, each sample’s absorbance was measured at 540 nm with an ELISA microplate reader (Thermo Fisher Scientific, Waltham, MA, USA), and the percentage of cell viability was calculated using the formula shown below:


%Cell Viability = (Mean ABS of treated sample)/(Mean ABS of control) × 100












2.12. Stability Studies Using a Similarity Index


According to ICH recommendations, the optimized formulation IBNS4 was preserved for stability testing at accelerated temperatures (40 ± 2 °C, 75%RH) in a programmable environmental test chamber. The cumulative % drug release and calculation of %EE and %DL were evaluated after 26 weeks. Using the similarity factor (f2), the effects of aging on the drug release were calculated, and the results of EE and DL were compared with the data of before and after stability studies [16,38,42].





3. Results and Discussion


3.1. Development of Ibrutinib-Loaded Ethylcellulose-Based Nanosponges


The developed method and formulation characteristics were optimized by varying the rate-retarding polymer EC concentrations from 50 to 200 mg and keeping the stabilizer (PVA) and ITB concentrations for both constant at 50 mg. The dispersion to aqueous phase ratio (2.5 mL DMSO + DCM and 5 mL PVA aqueous phase) was fixed to 1:2. The most often used method is emulsification and solvent evaporation because of its simplicity and reproducibility. EC concentration influences NS size, whereas PVA modifies the flocculation [16,18]. It was observed that enhancing the concentration of EC increases the size of nanosponges (NSs), and an increase in PVA concentration to an optimum level resulted in a decrease in the formation of floccules; this observation was in agreement with the reported literature.




3.2. Particle Characterization: Size, Polydispersity Index (PDI), and Zeta Potential (ζp)


All the developed NSs were in the nanosize range, narrow in particle size distribution as per PDI. Particle size and PDI of five nanosponges developed, IBNS1-5, were found to be in the range of 328.6–743.6 nm, and 0.38–0.40, respectively, whereas ζp was in between (−10.4 to −30.2). Zeta potential for all NSs was negatively charged, with ≥30 ζpP indicating non-agglomeration and a stable dispersion system (Figure 2). EC about the negative charge over the particles could have resulted in inter-particle repulsion. If the average diameter of the particle ranges from >200 nm to ~1000 nm, it is considered to be the extended stay of EC-based NSs in the body, delivering the drug at the site-specific (cancer region) by increasing the permeability to the cancer cell [18,43].




3.3. Entrapment Efficiency and Drug Loading Calculation


Calculation of EE (%) and DL (%) of the nanosponges indicates drug entrapment and drug loading in NS (Table 1). EE (%) was found to be in the range of 18.67 ± 1.23%–82.32 ± 1.63%, whereas DL (%) of ITB ranged from 1.16 ± 0.55% to 20.18 ± 0.13%. Results of particle analysis and EE and DL calculation revealed that an increase in the concentration of EC increases the PS, EE, and DL to a certain level (162.5 mg), and thereafter further increase in the EC proportion increases the size but decreases the EE and DL. This could be due to rheological behavior of polymer [44,45]. An increase in viscosity due to an increase in EC leads to a decrease in the diffusion of ITB from the organic phase to the aqueous phases of the stabilizer (PVA) [16].



Therefore, IBNS4 NSs could be selected as the optimized nanocarriers for further characterization. The particle analysis and EE and DL calculation showed IBNS4 composed of ITB (50 mg), EC (162.5 mg), and PVA (50 mg) has 640.9 nm, 0.35, −30.2 mV, regarding size, PDI, and ζp, respectively [23,39].




3.4. Fourier-Transform Infrared (FTIR) Analysis


The FTIR spectrum of ITB had noticeable peaks at 3645.87 cm−1 and 3245.45 cm−1 for N-H stretching vibrations and 3076.56 cm−1 for aromatic C-H stretching vibration, as shown in Figure 3. Peaks at 1265.45 cm−1 and 1576.43 cm−1 could be assigned to carbonyl stretching; more peaks were also placed at 1754.76 cm−1 to 1453.7 cm−1. This indicated alkene and cyano functional group stretching frequency [46,47]. All such peaks were also available in the IBNS4 nanosponges, representing no chemical interaction between the drug and polymers used. Some of the peaks disappeared and broadened in the optimized NSs, suggesting ITB encapsulation within the NSs. Henceforth, the selected NSs could be used in targeted cancer treatment, due to non-chemical incompatibilities.




3.5. Differential Scanning Calorimetry (DSC) Analysis


Thermal peaks of a pure drug (ITB) and nanosponge (IBNS4) were captured and interpreted (Figure 4). The sharp melting point indicates the crystalline nature of the drug at 164.5 °C. This peak disappeared in the optimized nanosponge, signifying an encapsulated drug in the porous EC matrix available in the amorphous form [31]. The endothermic peaks of ITB disappeared in the nanosponge, confirming successful encapsulation of drug.




3.6. XRD Crystallography


The pure drug (ITB) results showed intense Bragg peaks, due to the crystalline nature of the drug. These peaks intensities were reduced in the optimized nanosponge (IBNS4) due to the energy provided by probe sonication [25]. The drug solubilized in organic solution was added into the aqueous PVA solution that makes the particles stabilized without agglomerations and makes the ITB reduce in nanosize and become amorphous in form, which was again confirmed in the above section. Results of XRD, and DSC collectively suggest that the developed IBNS4 was in an amorphous state, as shown in Figure 5.




3.7. Scanning Electron Microscopy (SEM)


The image of the IBNS4 exhibits holes due to the porousness of the material and some crystals adsorbed over the surface, which could be the stabilizer (PVA) used in the development of NSs [29,48]. Although multiple washing of the NSs was performed with water to remove the excess PVA, some amount remained over the surface and appeared as small flakes over the IBNS4 nanosponges, as shown in Figure 6.




3.8. In Vitro Drug Release and Mathematical Model Fitting


Ethylcellulose acts as the rate-retarding polymer by lowering the diffusion of drugs through the polymer walls/holes. In vitro drug release assay was performed to recognize the release behavior and mechanism of the drug release from the porous matrix in pH 1.2 solution. As shown in Figure 7, in 24 h of study, the release of ITB from optimized IBNS4 was 80.16 ± 5.15%, compared to the pure drug (ITB) with 22.74 ± 1.51%. Initial burst release was observed within the first 6 h with a drug release of 61.80 ± 2.29%, which could be due to the adsorbed drug over the surface of NSs or non-bounded drug-polymer moiety [49]. This type of burst drug release is preferred as per pharmacokinetic studies to initiate the action by reaching the minimum drug concentration, followed by sustained release up to 24 h to prolong the effectiveness of the drug at the site of action and cancer cell [50]. The porous nature of the particle allowed the entry of medium and dissolution of the drug. the effective surface area will also be more due to the porous nature of the particles, and thereby the dissolution was observed to be better compared to the pure IBT. The prolonged release of ITB from optimized IBNS4 could be due to the slow dispersion of aqueous media inside the hydrophobic EC [51].



Furthermore, the kinetic release study of optimized IBNS4 for different kinetic equations (zero-order, first-order, Higuchi, and Korsmeyer–Peppas) was observed and fitted. The best fit was the Korsmeyer–Peppas model for optimized IBNS4, showing a higher correlation (R2 > 0.90) compared to other models, ensuring the release of ITB from the NSs could be the result of a combination mechanism of diffusion and erosion [52]. Moreover, the Korsmeyer–Peppas model with exponent n < 0.45 denoted that the release is diffusion-controlled, called the Fickian mechanism.




3.9. Cytotoxicity Assay on MCF-7


The optimized nanosponge (IBNS4) exhibited a significant reduction in cell viability (88.24%, 74.27%, 67.10%, 52.84%, 35.55%, 24.86%, 17.12%, and 11.70% at 0.78, 1.56, 3.13, 6.25, 12.50, 25, 50, and 100 µg/mL) in comparison with pure drug IBT (92.29%, 81.49%, 74.43%, 63.86%, 53.94%, 37.73%, 27.17%, and 16% at 0.78, 1.56, 3.13, 6.25, 12.50, 25, 50, and 100 µg/mL), respectively, against MCF-7 cells, as shown in Figure 8 [53]. The half-maximal inhibitory concentration (IC50) was found to be 13.42 and 6.84 for ITB and IBNS4. Developed NSs (IBNS4) had 1.96 times the potential compared to the pure drug (ITB). The reported mechanism of action by BTK inhibitors against the MCF-7 cells is the downregulation of matrix metalloproteinase (MMP) 9 expression by blocking NF-κB and AP-1 activation via the PLCγ/PKC/MAPK and IKK signaling pathways [2,54,55]. The R² value of our cytotoxicity assay was 0.9942 and 0.9929 for ITB and IBNS4, reflecting the data that best fit the regression model.




3.10. Stability Studies Using a Similarity Index


The results of stability studies showed that the optimized ibrutinib-loaded nanosponge (IBNS4) was stable after 26 weeks, as per ICH. To assess stability, optimized ibrutinib-loaded nanosponges were kept for stability studies at accelerated conditions (40 ± 2 °C, 75%RH). The in vitro release profile, %EE, and %DL of IBNS4 after stability studies (IBNS4-ST) showed no significant difference compared to IBNS4, as shown in Figure 9. The similarity index f2 value for both tests (IBNS4-ST) and reference (IBNS4) calculated was 51.57, within the range 50–100, indicating that the two release profiles are similar [56].



The f2 value was calculated by taking the logarithmic reciprocal square root transformation of the sum of squared error, and is a measurement of the similarity in the percent (%) drug release between the test and reference curves.





4. Conclusions


In this study, we aimed to develop ibrutinib-loaded nanosponges for enhanced cytotoxic activity against breast cancer MCF-7 cell lines. Nanosponge was developed by emulsification solvent evaporation technology. Five NSs were developed and characterized for size, PDI, zeta potential FTIR, DSC, XRD, SEM, in vitro drug release, cytotoxicity against MCF-7 cell lines, and stability study. ITB is one of the targeted categories of a moiety that acts as a novel irreversible inhibitor of Bruton’s tyrosine kinase (BTK) enzyme, which suppresses MMP-9, a crucial protein involved in tumor progression and metastasis, including breast cancer. Therefore, ITB-loaded NSs could be effective for breast cancer treatment. Metastasis is a cancer state in which there is a spread of cancer cells into the bones, kidney, brain, liver, and lungs. Breast cancer more easily turns to metastasis and becomes the primary cause of mortality. Ethylcellulose-based NSs loaded with ITB released the drug in a sustained manner for a prolonged period, leading to enhanced cytotoxic effects against the MCF-7 cancer cell lines, and therefore could be used as potential nanocarriers for the effective treatment of breast cancer. The results of the current investigation require further pre-clinical and clinical evaluation.
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Figure 1. Chemical structure of ibrutinib: two-dimensional (a) and three-dimensional (b). 
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Figure 2. Images of optimized nanosponge IBNS4: particle size distribution (a), particle size (b), and zeta potential (c). 
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Figure 3. FTIR spectra of pure ibrutinib ITB (a), and IBNS4 (b). 
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Figure 4. DSC thermogram peaks of pure ibrutinib ITB (a) and IBNS4 (b). 
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Figure 5. XRD Bragg peaks of pure ibrutinib ITB (blue) and IBNS4 (green). 
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Figure 6. SEM image of optimized NS IBNS4. 
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Figure 7. Cumulative (%) release of ITB and IBNS4. 
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Figure 8. Cytotoxicity of pure Ibrutinib (ITB) and optimized ibrutinib-loaded nanosponges (IBNS4) after 48 h of incubation with MCF-7 cells at different concentrations (0.78–100 µg/mL) and control. 
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Figure 9. Cumulative release profile after storage. 
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Table 1. Composition and physicochemical nanosponge characterizations.
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NS Code

	
Composition (mg)

	
PS

(nm)

	
PDI

	
ζp

(mV)

	
EE

(%)

	
DL

(%)




	
ITB

	
EC

	
PVA






	
IBNS1

	
50

	
50

	
50

	
328.6

	
0.38

	
−10.4

	
18.67 ± 1.23

	
01.16 ± 0.55




	
IBNS2

	
50

	
87.5

	
50

	
400.0

	
0.36

	
−14.6

	
31.76 ± 2.12

	
04.54 ± 1.63




	
IBNS3

	
50

	
125

	
50

	
478.5

	
0.38

	
−26.6

	
68.82 ± 3.65

	
12.54 ± 1.82




	
IBNS4

	
50

	
162.5

	
50

	
640.9

	
0.35

	
−30.2

	
82.32 ± 1.63

	
20.18 ± 0.13




	
IBNS5

	
50

	
200

	
50

	
743.6

	
0.40

	
−28.3

	
78.22 ± 2.43

	
18.15 ± 1.34








PS: particle size, PDI: polydispersity index, ζP: zeta potential, EE: entrapment efficiency, DL: drug loading.
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