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A B S T R A C T   

Ibrutinib (IB) is the first Bruton s tyrosine kinase (BTK) inhibitor classified as BCS class-II, with multiple poly-
morphic forms. Development of its amorphous solid dispersion (ASD) is an effective approach to overcome drug’s 
poor solubility and concerns regarding metastable polymorphic forms. In this work, Hot Melt Extrusion (HME) 
was used to develop robust ASD of ibrutinib and copovidone at different ratios. The ASDs were blended with a 
swellable crosslinked super-disintegrant and compressed into a sustained-release (SR) matrix. ASDs representing 
drug loadings of 20%, 40%, and 60% showed broad, amorphous “halos” and absence of an endotherm as 
revealed by X-ray powder diffraction (XRPD) and modulated differential scanning calorimetry (mDSC). Using 
dynamic oscillatory rheology, storage modulus, and viscosities versus temperature confirmed formation of a 
homogeneous dispersion with a manifestation of plasticizing effect of API. Micro-dissolution testing of ASDs in 
fasted state simulated intestinal fluid (FaSSIF) demonstrated >70% drug release compared to the saturation 
solubility of crystalline IB. Results of USP dissolution testing of SR tablets exhibited a desirable sustained delivery 
up to six hours with >88% drug release versus 34% release from tablets containing crystalline ibrutinib. Co- 
existence of ASD within the hydrating matrix provided unhindered drug release and release duration.   

1. Introduction 

Ibrutinib (IMBRUVICA®) is marketed as an immediate-release tablet 
dosage form with strengths of up to 420 mg and 560 mg. It is the first 
Bruton s tyrosine kinase (BTK) inhibitor to be authorized by the Food 
and Drug Administration (FDA) (Davids and Brown, 2014). Bruton s 
tyrosine kinase (BTK) protein is cytoplasmic tyrosine kinase (Brown, 
2013) and crucial for signal transduction in the B-cell receptor signaling 
pathway (McNally et al., 2015). Antigen-dependent B-cell signaling 
cascade is recognized as a mechanism for B-cell malignancies (Cheah 
et al., 2016). It is a potent and selective oral antineoplastic agent that 
binds irreversibly to Cys-481 in Bruton s tyrosine kinase (BTK) active 
site (Deeks, 2017; Cheah et al., 2016) and inhibits B-cell downstream 
cascade and tumor development (Wang et al., 2015), besides promoting 
apoptosis (McNally et al., 2015). It is the first-line treatment for B-cell 
malignancies, which is the most common hematologic neoplasia. Ibru-
tinib is a safer alternative for the current therapeutic regimen that is 
associated with long-term toxicity and resistance (Deeks, 2017; Davids 
and Brown, 2014; Ayyappan and Maddocks, 2019). During the five years 
since its approval, US Patent Office has issued 38 patents for this new 

chemical entity (NCE), and the Center for Drug Evaluation and Research 
(CDER) also has introduced five additional indications for this drug. 
They included Mantle cell lymphoma (MCL), Chronic lymphocytic leu-
kemia, Chronic lymphocytic leukemia with 17p deletion, 
Waldenström’s macroglobulinemia, Marginal zone lymphoma (MZL), 
and Chronic graft versus host disease (cGVHD) (Rosenthal, 2017; Ros-
koski, 2016). Currently, there are ongoing clinical trials to further 
investigate the therapeutic activity of ibrutinib in B cell lymphomas and 
other malignancies. 

According to Biopharmaceutics Classification System (BCS), Ibruti-
nib is classified as BCS class II drug (i.e., low solubility, high perme-
ability) (Simões et al., 2020). Ibrutinib crystalline form is practically 
insoluble in an aqueous medium, having a maximum solubility of 13 µg/ 
ml at pH 8.0 (Lee et al., 2016; Smyth et al., 2013). Solubility is a pre-
requisite for drug dissolution, permeability, absorption and distribution 
into the systemic circulation. Low solubility naturally limits ibrutinib 
bioavailability, which is reported to be 3.9% (Reddy and Swapna, 2019), 
resulting in drug dosage strength of up to 560 mg to potentially 
compensate for low and variable bioavailability. Furthermore, Ibrutinib, 
in its crystalline state, exists in at least six different polymorphic forms, 
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each having distinct properties, including solubilities (Smyth et al., 
2013). Interconversion between metastable polymorphs during 
manufacturing and storage is well known. Thus, the selection of the most 
desirable polymorphic or crystalline form for the development of stable 
formulation is challenging and of concern. Often there will be stability 
issues and consequently changes in dissolution rate and release. 

Additionally, with current immediate-release formulations on the 
market due to high drug dose, severe gastrointestinal side effects have 
been reported, and patient compliance is poor. This is considered a 
critical issue since ibrutinib is used for long-term therapy in chronic 
conditions (Chistyakov and Sergeev, 2020; Zvoníček et al., 2017). 

The amorphous form of an API obtained via dispersion techniques is 
highly disordered and is known to have a higher solubility than its 
crystalline counterpart (Paudwal et al., 2019). An amorphous form of a 
drug has higher enthalpy, entropy, and free energy than the crystalline 
state (Schittny et al., 2020). Thus, ASD is considered one of the most 
convenient and promising approaches to enhance the solubility of API in 
the pharmaceutical industry (Mishra et al., 2015; Paudwal et al., 2019; 
Haser and Zhang, 2018; Park, 2015). Differing enthalpy and entropy of 
an amorphous system or the free energy between the amorphous and 
crystalline forms of a compound can result in solubilities which are 
many folds higher, as expressed by Eqs. (1) and (2): 

ΔGa,c
T = − RT ln

(
δamorphous

T
/

δcrystalline
T

)
(1)  

ΔGa,c
T = ΔHa,c

T − (T ΔSa,c
T ) (2)  

where R is a gas constant and the solubility ratio (δ amorphous/ δ crystalline) 
of the two forms (amorphous/crystalline) at any given temperature (T), 
is related to the energy difference (ΔG) between amorphous and crys-
talline forms and differences between entropy (S) and enthalpy (H) of 
the two forms (Hancock and Parks, 2000). 

The excess free energy in the amorphous form rapidly increases drug 
concentration beyond the saturation solubility of its crystalline coun-
terpart, while if in the hydrating matrix, it allows for drug dissolution, 
diffusion and release, maintaining the transient supersaturation state, 
though preventing precipitation of the drug. 

However, such amorphous systems have several limitations; most 
important is their risk of recrystallization. Therefore, to increase the 
physical stability of the drug, appropriate selection of polymer(s) as a 
carrier with potential interactions with drug molecule and formation of 
a homogeneous dispersion is considered (Paudwal et al., 2019; Meng 
et al., 2015). A number of published reviews and research articles 
describe such mechanisms and utilities (Huang and Williams, 2018; 
Huang and Dai, 2014; Haser and Zhang, 2018; Park, 2015). 

One of the most utilized polymers in preparation of amorphous solid 
dispersion development is Copovidone. It is a co-polymer composed of 
two monomers, the water-soluble polyvinylpyrrolidone and the water- 
insoluble vinyl acetate, in a ratio of 6:4. In contrast to povidone, copo-
vidone is less hygroscopic. It is found that povidone absorbs three times 
more moisture than copovidone. This characteristic is critical in the 
amorphous solid dispersion system stability. Water is considered as a 
strong plasticizer having a Tg of − 138 ◦C. Thus, even slight amounts of 
moisture uptake by the amorphous system can lead to a dramatic 
reduction in system Tg, chain mobility, crystallization and phase sepa-
ration (Haser and Zhang, 2018; Bühler, 2005). Plasdone™ S-630 Ultra is 
a new grade of the Copovidone. The ultra-grade peroxide level is 7-times 
lower than the standard grade of copovidone at 60 ◦C. This polymer 
shows slower peroxide growth, which is critical for oxidative-labile 
drugs limiting any oxidative degradation of the active ingredient over 
time, thus preserving the drug‘s potency and performance. Furthermore, 
standard copovidone has processibility limitations; it requires high 
processing torque when used in HME, besides low flowability. Insuffi-
cient stability of the amorphous drug using standard copovidone has 
been reported, which jeopardizes the product shelf-life (Yang et al., 
2019; Lawal et al., 2019; Wu et al., 2011). Such limitations have not 

been reported when Plasdone™ S-630 Ultra has been used as a carrier. 
Hot-melt extrusion is an efficient technology with versatility, 

robustness, and numerous applications in the pharmaceutical industry, 
specifically solubility enhancement of poorly-water soluble drugs 
(Mendonsa et al., 2020). One of the most critical features of hot-melt 
extrusion is operating without the use of organic solvents, which elim-
inates the burden of residual solvent removal upon forming the disper-
sion system. This is advantageous due to the fewer processing steps, 
lower environmental impact, and it is considered as green technology 
(Repka et al., 2018). Recently, the development of an amorphous form 
of ibrutinib to enhance solubility and stability based on HME was 
described (Simões et al., 2020), and detailed identification of its physical 
characteristics was presented. 

This study aims to prepare stable amorphous solid dispersion of 
ibrutinib utilizing Hot-melt extrusion technique, with Copovidone 
(Plasdone™ S-630 Ultra) as a carrier, at different drug loadings. Char-
acterization of extrudate solid-state properties will be performed using 
modulated differential scanning calorimetry mDSC, X-ray powder 
diffraction XRPD, Thermogravimetric analysis TGA and dynamic oscil-
latory rheology analysis. Subsequently, the ASD will be evaluated for 
solubility and release rate attributes using both micro-dissolution and 
standard dissolution methods. The most promising ASD system will be 
formulated into a sustained release (SR) matrix by compression using a 
high-speed rotary press (MANESTY BetaPress). This will lower or avoid 
reported GI disturbances associated with currently marketed immediate 
release tablets. Moreover, the dissolution rate of the developed SR ma-
trix system and stability of the delivery system will be evaluated within 
the bounds of this research project. 

2. Materials and methods 

2.1. Materials 

Ibrutinib (1-[(3R)-3-[4-amino-3-(4-phenoxyphenyl) pyrazolo[3,4-d] 
pyrimidin-1-yl] piperidin-1-yl] prop-2-en-1-one) with the purity of 
97.0% based on certificate of analysis (HPLC analysis), was purchased 
from RIA international LLC (New Jersey, USA). Copovidone (Plasdone™ 
S-630 Ultra) is from Ashland Specialty Ingredient with mean particle 
size of 90 µm (Wilmington, DE). Fasted State Simulated Intestinal Fluid 
(FaSSIF) buffer was prepared using FaSSIF powder from Biorelevant 
(London, UK). 

The following excipients were used to prepare a sustained-release 
tablet: Polyvinylpolypyrrolidone (PolyPlasdone™ XL-10) is from Ash-
land Specialty Ingredient (Wilmington, DE). Spray-dried Lactose is from 
DFE Pharma GmbH & Co (Goch, Germany) and magnesium stearate 
monohydrate. 

2.2. Preparation of hot-melt extruded dispersion 

A parallel twin-screw co-rotating mini extruder with a screw diam-
eter of 9 mm (Three-Tec GmbH, Switzerland) was used to perform 
extrusion of the powder blends obtained by using a turbula-T2F blender. 
Drug: polymer ratio (i.e., ibrutinib: Plasdone™ S630 ultra) 1:4, 2:3, and 
3:2 was used to represent low, medium, and high drug load ASDs. The 
extrusion process parameters were as follows: processing temperature 
was 160 ◦C, screw speed was 100 RPM, while feed rate was 5–10% per 
minutes. A volumetric feeder was used to feed the physical mixtures 
(batch size is 60 g) in the hot-melt extruder. Extruded material was 
cooled on a conveyer belt and subsequently grinded using electric 
stainless coffee grinder and sieved through mesh # 50 (i.e., 300 μm 
particle size) to control particle size. 

2.3. Characterization of melt-extruded 

2.3.1. X-ray powder diffraction XRPD 
X-ray experiments were conducted using a Bruker D8 Focus x-ray 
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diffractometer operated at a voltage of 40kv and a current of 40 mA. 
Samples accommodated into PMMA powder specimen holder where an 
incident X-ray beam is directed to the sample. Samples scanned in the 2- 
Theta angle range of 4–40◦ over 60 min in continuous detect scan mode. 

2.3.2. Modulated differential scanning calorimetry (mDSC) 
Thermal properties assessment was performed using a Thermal 

analysis Q200 differential scanning calorimeter (TA Instruments, New 
Castle, DE). Samples weigh approximately 2–5 mg were analyzed in 
sealed aluminum pans. Analysis performed by heating up from − 20 ◦C 
to 240 ◦C, at 5 ◦C/min temperature ramping rate with a modulation 
amplitude of ±1.5 ◦C every 40 s. An inert atmosphere was maintained by 
nitrogen gas stream at 20 psi pressure during analysis. An empty 
aluminum pan was used as reference. 

2.3.3. Thermogravimetric analysis TGA 
Pure ibrutinib and copovidone (Plasdone™ S-630 Ultra) decompo-

sition assessment was performed using Q500 thermogravimetric 
analyzer (TA Instruments, New Castle, DE, USA). A sample size of about 
4–5 mg was weighed and placed in a platinum sample pan. The heating 
range was between 0 ◦C and 700 ◦C, and the heating rate was 10 ◦C 
/min. Measurements performed under airstream at a 50 ml/min purge 
rate. Each experiment was conducted in triplicate. 

2.3.4. Scanning electron microscopy (SEM) 
Scanning electron microscopy SEM S-4000 (Hitachi, Ltd., Tokyo, 

Japan) was used to investigate the size and morphology of the prepared 
ASDs and physical mixtures. Samples were mounted on a sample stub 
and visualized using a secondary electron imaging mode (SEI mode) 
after coating with Au/Pd thin layer to make the sample surface 
conductive to visualize the sample’s topographical characteristics. 
Photomicrographs were captured at 10 kV voltage and a 100× to 1000×
resolution. 

2.3.5. Dynamic oscillatory rheological analysis 
Advanced rheometer ARES G2 was used for rheological properties 

assessment. ARES G2 instrument had parallel plate geometry, the plate 
diameter was 25 mm, and the gap distance was 1 mm. The samples (pure 
copovidone (Plasdone™ S-630 Ultra), and extruded materials) were 
prepared as disk specimens with 25 mm diameter and 1 g weight. Disks 
made using Carver laboratory press, approximately 1 g dry powder was 
compressed using die and punches at room temperature for 3 min at 
27.6 MPa pressure. Disk specimens were dried under vacuum at 70 ◦C 
for 1 h before measurements. The loading temperature was 135 ◦C; at 
this temperature, the polymer will soften, and air bubbles will be 
expelled from the samples. Dynamic temperature ramps (i.e., heating 
and cooling cycle) of samples were at 2.0 ◦C/min, while measurements 
were conducted at an angular frequency of 6.283 rad/s. Disk specimens 
were studied at a temperature range between 140 and 170 ◦C. 

2.3.6. Stability studies 
The stability of the prepared ASD systems were evaluated in two 

different storage conditions. Melt extruded powder was stored in sealed 
glass vials covered by aluminum foils and subjected to 60 ◦C tempera-
ture for one month. Second set of extruded powder samples were stored 
in open vials and were tested under accelerated stability conditions at 
40 ◦C/75% RH for three days to observe any moisture uptake and po-
tential transformation into crystalline form. Subsequently, X-ray powder 
diffraction was performed to assess the solid-state amorphous state and 
to detect recrystallization occurrence. Table 1 summarized storage 
conditions in the accelerated stability studies conducted. 

2.4. Micro-dissolution study and dissolution rate determination of ASDs 

Micro-dissolution tester (μDiss Profiler™, Pion Inc.) was used to 
evaluate the ibrutinib’s solubility and supersaturation solubility for both 

ASDs and crystalline counterparts. The dissolution rate of each system 
was evaluated in non-sink conditions. A 20 ml of fasted state simulated 
intestine fluid (FaSSIF, pH 6.5) was used as the dissolution medium, at a 
temperature of 37 ± 0.5 ◦C. Excess amount of pure ibrutinib (5 mg of 
crystalline API, or equivalent amount of the ASD systems) added to the 
vials containing the dissolution media. The dissolution test performed 
for 180 min using 300 RPM as the cross-stirrer speed. An integrated 
fiber-optic UV dip probe was used to detect the concentration of the 
dissolved drug. 

2.5. Preparation of controlled release matrix tablet 

Manesty BetaPress 16-station tablet press machine (Thomas Engi-
neering LLC, Illinois, USA) was utilized to produce sustained-release 
tablets containing 140 mg of ibrutinib (or equivalent from the melt- 
extruded powder). Crystalline ibrutinib and ASDs were individually 
blended with other excipients listed in Table 2. Required amounts of the 
formulation blend for two different tablet weights were fed manually 
into a round die with matching concave punches with diameters of 
11.28 mm and 14.48 mm. The rotary tablet press was computerized to 
exert 10 kN compression force. Fig. 1 shows a photograph of equip-
ment’s used and SR tablets. 

2.6. In-vitro dissolution study of CR tablets 

Dissolution studies were carried out using the DISTEK dissolution 
system (model 21 00C, NJ, USA). USP apparatus II was used, with a 
paddle speed of 100 RPM to ensure effective hydrodynamics to over-
come the more stagnant region in the bottom section of the dissolution 
vessels. In vitro dissolution rate was assessed in a 900 ml of dissolution 
medium (FaSSIF) buffer, fitted with filter of 0.45 µm, pH 6.5, and at a 
temperature of 37 ◦C ± 0.5 ◦C maintaining sink conditions. The per-
centage of ibrutinib released was measured using a UV–Vis spectro-
photometer at a wavelength of 260 nm. Dissolution results are presented 
as the percentage dissolved versus the time. Each point represents a 
triplicate (n = 3 ± SD). 

Table 1 
Accelerated stability studies storage conditions.  

Parameters storage conditions (1) storage conditions (2) 

Temperature 60 ◦C 40 ◦C 
Humidity No humidity 75% RH 
duration One month Three days 
Container Glass vials Glass vials 
Sealing Cap sealed Cap open  

Table 2 
Composition of ibrutinib SR tablets developed.   

20% HME SR 40% HME SR Crystalline 
ibrutinib SR 

w/w 
(%) 

wt. 
(mg) 

w/w 
(%) 

wt. 
(mg) 

w/w 
(%) 

wt. 
(mg) 

Ingredient       
Ibrutinib* 17.8 140 32.4 140 32.4 140 
Plasdone S630 

ultra 
71.2 560 48.6 210 48.6 210 

Polyplasdone xL 10 78.7 10 43.2 10 43.2 
Lactose – – 8 34.6 8 34.6 
Mg. Stearate 1 7.9 1 4.3 1 4.3 
total 100 786.5 100 432.1 100 432.1  

* Its molecular formula is C25H24N6O2, with a molecular weight of 440.51 g 
\mol. Ibrutinib is off-white to white, crystalline powder, and practically insol-
uble in aqueous medium. The pKa of ibrutinib is 3.74, and its melting point is 
155.23 ◦C. 
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3. Results and discussion 

3.1. Physiochemical properties of ibrutinib melt-extruded dispersion 

3.1.1. X-ray powder diffraction XRPD 
X-ray powder diffraction is a definitive and reliable technique to 

validate the extrusion process efficiency by verifying the absence of 
long-range three-dimensional structure (i.e., crystalline state) and the 
presence of an amorphous state (Bhagurkar, 2017; Ma and Williams, 
2019; Meng et al., 2015). Powder X-ray diffraction of pure crystalline 
ibrutinib and melt-extruded dispersions are illustrated in Fig. 2. The 
pure ibrutinib XRPD pattern shows sharp diffraction peaks, which im-
plies its crystallinity. In contrast, A “halo” was observed in all the ASD 
systems produced by hot-melt extrusion (i.e., 20%, 40%, and 60% 
loading level). The broad featureless “halo” pattern is a typical X-ray 
diffraction profile for an amorphous state and is considered strong evi-
dence for the absence of long-range crystalline structure. It confirms that 
ibrutinib is highly dispersed in the polymeric matrix, suggesting ho-
mogeneity and the absence of any crystalline domains within the 
system. 

3.1.2. Thermal analysis (TGA and mDSC) 

3.1.2.1. Thermogravimetric analysis TGA. TG analysis was performed 

prior to processing drug and excipients in melt-extruder. This approach 
illustrates moisture loss, or the thermal decomposition and sensitivity of 
processed materials in addition to “determining the safe processing 
temperature range, in which a formulation can be extruded without any 
undesirable thermal events” (Bhagurkar, 2017). Typically, extrusion 
temperature Tprocess ranges between the glass transition temperature Tg 
and degradation temperature Tdeg. 

The polymer and drug weight loss (%) was measured as a function of 
temperature. An initial mass loss is observed for copovidone due to 
surface moisture. Subsequently, three mass loss steps were observed, 
indicating a decomposition. According to Fig. 3, the onset of the first 
decomposition was 303.29 ◦C. Similarly, ibrutinib demonstrates two 
mass loss steps, implying material degradation. The initial decomposi-
tion was detected at a temperature of 347.26 ◦C, where the first mass 
loss occurred. TG analysis findings helped determine the first Tdeg for 
ibrutinib and copovidone, which are 347.26 ◦C and 303.29 ◦C, 
respectively. 

3.1.2.2. Modulated differential scanning calorimetry mDSC. Modulated 
differential scanning calorimetry is an upgraded version of DSC with 
higher performance in separating overlapping transitions by classifying 
the signals into reversing and non-reversing heat flow; this allows ac-
curate analysis and Tg determination. mDSC applies oscillated temper-
ature ramps instead of a conventional linear one. The oscillated heat 
flow approach helps distinguish Tg, which is a reversing heat flow 
signal, from other thermal events such as evaporation or crystallization, 
which are observed as irreversible heat flow signal (Ma and Williams, 
2019). 

Molecular mobility in amorphous solid dispersion and polymer 
contribution in restricting molecular motion is critical and must be 
characterized (Baghel et al., 2016). The temperature at which the mo-
lecular mobility changes is denoted as glass transition temperature Tg. A 
glassy rigid solid exists below Tg with minimal molecular motions (i.e., 
β-relaxations) of the amorphous drug within the polymer matrix. In 
contrast, molecular mobility usually occurs above the Tg, with potential 
transition and crystallization. Differential scanning calorimetry is the 
most common technique employed for Tg determination using the heat/ 
cool/reheat method, which appears as an endothermic step-change in 
heat capacity. 

The DSC thermograms for the three extruded binary systems, 

Fig. 1. Pictures of equipment’s used and SR tablets.  

Fig. 2. X-ray powder diffraction profiles for the melt extruded powder blends containing 20%, 40% and 60% ibrutinib.  

B. Alshahrouri et al.                                                                                                                                                                                                                            



International Journal of Pharmaceutics 607 (2021) 120981

5

crystalline ibrutinib and copovidone (Plasdone™ S-630 Ultra), are 
shown in Fig. 4 A and B. Fig. 4-B illustrates a sharp endothermic peak at 

155.23 ◦C, corresponding to crystalline ibrutinib melting temperature 
Tm (i.e., melting endotherm). The glass transition temperature Tg of 
amorphous ibrutinib is determined by heating/ rapid cooling/ re- 
heating cycles mode. This step-change in heat capacity is represented 
as three values, 117.48 ◦C, 124.77 ◦C and, 131.93 ◦C, which correspond 
to onset, midpoint, and end set temperature, respectively (Fig. 4-). The 
characteristic glass transition temperature (Tg) of copovidone (Plas-
done™ S-630 Ultra) is illustrated in Fig. 4- thermogram, its 107.31 ◦C 
(midpoint value). One may observe a broad endothermic peak at 49.19 
◦C in Fig. 4-; this represents moisture evaporation from the polymer 
surface. 

In Fig. 4-A, all extruded systems demonstrate single Tg, which im-
plies miscibility and compatibility of system components (i.e., ibrutinib 
and copovidone S630 ultra). Besides, it indicates the formation of stable 
homogenous ASD with a single phase. Tg‘s value is sensitive to drug 
load; it ranges between 105 and 109 ◦C for 20%, 40%, and 60% ibrutinib 
percentage, respectively. Importantly, no melting endotherm or 
recrystallization is observed in the mDSC thermogram, which verifies 
the presence of an amorphous form of ibrutinib in all extrudable systems 
and the production of a stable amorphous solid dispersion system. 

3.1.3. Scanning electron microscopy (SEM) 
Microscopy is one of the most commonly utilized techniques for 

morphological characterization of amorphous solid dispersions (i.e., 
formation of amorphous state and absence of crystalline nature) (Bha-
gurkar, 2017; Ma and Williams, 2019). Scanning electron microscopy 
SEM allows in-depth investigation for the raw material and extrudates 
physical structure. It also visualizes the crystal or amorphous nature of 
the formulation. Qualitative characterization and surface morphology 
visualization are beneficial to verify the formation of an amorphous 
solid dispersion system (Kaushik et al., 2020). 

SEM images for physical mixtures and amorphous solid dispersions 
with 20%, 40%, and 60% API load are shown in Fig. 5. In the figure, 
amorphous copovidone S-630 ultra appears as spherical hollow parti-
cles; whereases crystalline ibrutinib appeared as irregular-shaped crys-
tal with fractured edges. This is more observable with increasing API 
load in samples. The amorphous pure polymer is produced using spray- 
drying technology, which leads to its brittleness and easiness to break 
during mixing; this is observed in SEM images. One may observe the 
attachment of drug particles to the polymer surface and the absence of 
drug particles aggregation, which indicates good particle distribution. 

Fig. 3. TGA Analysis of Copovidone (Plasdone™ S630 Ultra) and ibrutinib.  

Fig. 4. A DSC thermogram for the three extruded binary systems (upper line is 
for 20% drug loading, middle line is for 40% drug loading, and lower line is for 
60% drug loading); 4- B shows DSC thermograms of crystalline ibrutinib and 
copovidone (Plasdone™ S-630 Ultra) (heating cycle). 
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Amorphous solid dispersions morphology is illustrated in Fig. 5; one 
may observe a significant change in morphology of ibrutinib and 
copovidone S-630 ultra. Sharp-edged crystals and hollow spherical 
particles do not appear. Instead, a non-crystalline uniform amorphous 
state exists. 

3.1.4. Dynamic oscillatory rheological analysis 
A rheological analysis is an efficient and valuable method to assess 

the API-polymer physical mixtures’ rheological behaviors mimicking 
HME processing conditions. This will guide the selection of appropriate 
processing window Tprocess. Also, the rheological behavior of binary API- 
polymer dispersions signifies the extrudate stability, which is the 

function of both API-polymer miscibility and intermolecular in-
teractions. In addition, processibility can be investigated, which is 
limited by existing extruder torque, and involves several physical and 
chemical properties, including viscosity. 

A rheological study was performed to investigate the three physical 
mixtures’ phase behavior as a function of temperature. Fig. 6 illustrates 
the rheograph of pure copovidone (Plasdone™ S630 ultra) and the three 
physical mixtures with different API load (20%, 40%, and 60%). Ac-
cording to rheograph data, complex viscosity (η*) for the three powder 
blends (Fig. 8 B, C, D and Fig. 7 dramatically drops as the temperature 
reaches 170 ◦C, this signifies the plasticizing effect of ibrutinib, and 
correspond to its incorporation in the polymer matrix. One may observe 

Fig. 5. (A to C) SEM images for physical mixtures and amorphous solid dispersions with 20%, 40% and 60% API load.  

Fig. 6. Complex viscosity (η*) changes as function of temperature for pure 
Copovidone (Plasdone™ S630 Ultra) and three physical mixtures with 20%, 
40% and 60% drug loading levels. 

Fig. 7. Illustrate the complex viscosity (η*) changes as a function of tempera-
ture for the three extruded systems. 
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Fig. 8. Rheological analysis for pure Copovidone (Plasdone™ S630 Ultra) and three physical mixtures with 20%, 40% and 60% drug loading levels. = tan 
delta d , = complex viscosity (η*), = loss modulus (G‘) and = storage modulus (G‘‘). 

Fig. 9. Thermo-rheological behavior of pure copovidone S630 ultra, and the three produced ASD systems with 20%, 40%, and 60% API load. = tan delta d , 
= complex viscosity (η*), = loss modulus (G‘) and = storage modulus (G‘‘). 
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a more significant drop in complex viscosity (η*) with a higher API load 
since there is higher quantity of ibrutinib, thus, more obvious is the 
plasticizing effect, which occurs at a temperature range of approxi-
mately 152 ◦C to 156 ◦C, this corroborates with previous mDSC results. 
All of the ibrutinib-copovidone systems display a degree of melting 
depression, as shown in Fig. 7. Therefore, a processing temperature that 
is 2–4 ◦C higher than the crystalline ibrutinib melting point is probably 
sufficient to process the physical blends in an extruder and can guar-
antee the production of a completely dispersed amorphous solid 
dispersion system. Hence, 160 ◦C was the Tprocess used during extrusion. 

In another rheological analysis, melt-extruded materials were sub-
jected to a similar temperature ramp as physical mixtures. Fig. 9 A-D 
illustrates the thermo-rheological behavior of pure copovidone S630 
ultra, and the three produced ASD systems with 20%, 40%, and 60% API 
load. All extrudates demonstrated relatively similar rheological 
response across temperature ranges between 140 ◦C and 170 ◦C and 
showed parallel curves for complex viscosity (η*), tan delta δ, loss and 
storage modulus (G‘ and G‘‘). However, at high API load (i.e., 60% 
ibrutinib), deviation in rheological response between heating and 
cooling cycle is observed, which implies a physical or chemical change 
during holding at elevated temperature. It is suggested that the forma-
tion of API-rich domain and aggregation of the supersaturated API is the 
underlying reason for this rheological behavior. This is corroborated by 
the increase in storage modulus and reduction in damping factor upon 
holding at elevated temperature, which implies a more elastic system, 
and ibrutinib crystals aggregation, besides the possibility of API-API 
bond-interactions. On the contrary, the ASD system‘s rheological prop-
erties were consistent in pure copovidone S-630 ultra and low API 
loading (i.e., 20%); this indicates the formation of a homogenous single- 
phase ASD system. This analogous behavior in both heating and cooling 
cycles depicts physical stability and uniformity of extrudate within the 
tested temperature range. The three ASD systems can be arranged based 
on physical stability as 20% > 40% > 60% drug loading. The temper-
ature was held at 170 ◦C for 5 min to validate the impact of the heating 
cycle. Subsequently, cooling cycle performed, one may notice the 
absence of a peak or bump in all curves; this may suggest that no crystals 
remained in the system and a smooth transition occurred. 

Fig. 9 illustrates the complex viscosity (η*) changes as a function of 
temperature for the three extruded systems. Interestingly, the ASD with 
60% ibrutinib load complex viscosity significantly increase; this justifies 
the difficulty in processibility during the extrusion process and the 
remarkable elevation in torque value to the maximum. This was not 
observed while processing the 20% and 40% drug loading physical 
mixtures, corroborated by their complex viscosity curves in the rheo-
graph. However, it’s also observed that ASD with 60% ibrutinib load had 
the lowest tan delta δ value compared to the other ASD systems. 

In summary, the rheological analysis of extruded material was able 
to predict physical stability and uniformity. Unlike the samples with 
lower ibrutinib to polymer ratio, which displayed identical rheological 
response to copovidone S-630 ultra, the higher drug loading ASD 
showed deviation in rheological response, correlated to system in-
homogeneity. In addition to a remarkable increase in complex viscosity 
manifested in processibility difficulties. 

3.1.5. Accelerated stability test for the amorphous solid dispersion 
The stability of the three amorphous solid dispersions (i.e., with 

different ibrutinib-copovidone S-630 ultra ratios) were investigated by 
subjecting the samples to accelerated storage conditions at 40 ◦C/75% 
RH for three days and storing in an oven where temperature maintained 
at 60 ◦C for one month. Subsequently, solid-state characterization per-
formed using x-ray powder diffraction to evaluate the ibrutinib amor-
phous state. X-ray diffraction patterns are demonstrated for pure 
crystalline ibrutinib and the amorphous material in Figs. 10 A and B. The 
crystalline peak is absent in all ASD diffractograms, which verifies that 
the amorphous ibrutinib did not recrystallize, and ibrutinib molecules 
are dispersed and embedded in the copovidone matrix. Besides, the 

broad halo peaks confirm that samples are in an amorphous state after 
being subjected to elevated temperature and relative humidity. One may 
observe that the sample with 40% drug loading showed a small sharp 
peak after storage in the oven for one month, which indicates a slight 
change in the ASD system (i.e., recrystallization). 

According to a previously published study, the ratio between melting 
point Tm and glass transition temperature Tg (i.e., Tm/Tg) of a com-
pound is an indicator of the tendency to recrystallize (Friesen et al., 
2008). In the reported study drugs were classified into three groups: low 
Tm/Tg ratio (<1.25), moderate Tm/Tg ratios (1.25–1.40), and high Tm/ 
Tg values (>1.40). The lower Tm/Tg value indicates a more stable ASD 
system. Ibrutinib has a melting point of 155.23 ◦C and a Tg of 124.77 ◦C, 
which results in Tm/Tg ratio of 1.24. Based on this observation it is 
suggested that ibrutinib propensity to recrystallize is low, and amor-
phous dispersion system remains stable. Table 3 summarizes the sta-
bility results of various ASDs. 

Fig. 10A and B. A: X-ray diffraction patterns after storing samples in an oven 
where temperature maintained at 60 ◦C for one month. B: X-ray diffraction 
patterns after subjecting the samples to accelerated storage conditions sat 40 
◦C/75% RH for three days. *Blue line for ASD with 20% drug loading. Green 
line for ASD with 40% drug loading. Black line for ASD with 60% drug loading. 
Red line for pure crystalline ibrutinib. 
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3.2. Micro-dissolution studies of ASD under non-sink conditions 

During this study, supersaturated solubility and dissolution rates 
were investigated for the produced amorphous solid dispersions with a 
different drug: polymer ratios utilizing micro-dissolution tester under 
non-sink conditions. Small dissolution volume (i.e., 20 ml of fasted state 
simulated intestine fluid FaSSIF, pH 6.5) was used during μDissolution 
as an attempt to mimic the gastrointestinal microenvironment. This is 
essential to understand the supersaturation state and ensure absence of 
precipitation within limited volume of microenvironment under non- 
sink conditions. 

Fig. 11 demonstrates the micro dissolution profiles of ibrutinib 
amorphous solid dispersions with 20%, 40%, and 60% drug loading and 
crystalline ibrutinib. The three amorphous solid dispersion dissolved 
instantly in FaSSIF buffer. In comparison to crystalline ibrutinib disso-
lution profile, all three amorphous solid dispersions demonstrate a sig-
nificant increase in both rate and extent of dissolution in the initial 
stage, in addition to sustaining the supersaturated state over an 
extended period (i.e., 180 min) as none of the dissolved systems reverted 
to crystalline state. Ibrutinib solubility enhancement is approximately 
five folds more than its crystalline counterpart. Amorphous solid 
dispersion with 20% API load achieved the highest degree of supersat-
uration (i.e., >90% release) compared to 40% and 60% API load (i.e., 
76% and 32% releasee, respectively). The enhancement of ASDs of 
ibrutinib solubility with different drug loadings can be expressed as: 
20% ibrutinib ASD > 40% ibrutinib ASD > 60% ibrutinib ASD. 

The higher energy of the 20% drug loading amorphous form is the 
underlying reason for the enhanced apparent solubility, whereas hy-
drophobic and hydrophilic interactions with the Copovidone S-630 ultra 

backbone may help maintain supersaturation stability. 

3.3. Standard USP dissolution studies of sustained release tablet matrices 

Sustained-release tablets were prepared by dry blending of crystal-
line ibrutinib or equivalent amorphous extruded material with other 
excipients according to Table 2, followed by direct compression using 
Manesty BetaPress 16-station tablet press. The impact of drug loading on 
the rate and extent of dissolution was examined. 

A standard USP dissolution test was performed using extruded 
powders with 20% and 40% API load formulated as sustained-release 
tablets. The former systems were selected for further development due 
to their smooth extrudability. The ASD with higher ibrutinib content (i. 
e., 60% API load) was excluded from this step due to difficulties in 
processibility and poor extrudability, besides potential system insta-
bility due to lack of homogeneity and uniformity; this was highlighted in 
the rheological analysis performed previously. It is also recognized that 
60% API percentage is the highest drug loading capacity to consider 
during ASD development. It is likely to observe stability issues at a high 
drug\polymer ratio. Phase separation (i.e., formation of drug-rich and 
polymer-rich domains in the system) is reported at a high API load 
(Paudwal et al., 2019; Repka et al., 2018). 

Fig. 12 illustrates ibrutinib’s release profile from sustained-release 
tablets for ASD with different API load (i.e., 20% and 40%) and pure 
drug. Upon dissolution of sustained-release tablets in 900 ml of fasted 
state simulated intestine fluid (FaSSIF, pH 6.5) dissolution medium, it is 
found that the release rate is correlated to ibrutinib percentage in an 
amorphous solid dispersion. Percentage dissolved for the ASD-based 
sustained-release tablet with 20% ibrutinib was remarkably higher 
than 40% API load, reaching plateau in 8 h (data not shown beyond 170 
min). The dissolution results indicate that crystalline ibrutinib tablets 
showed a significantly lower % dissolved and limited solubility than 
amorphous solid dispersion formulated sustained-release tablets. Per-
centage dissolved of crystalline ibrutinib SR tablet was about 34%, 
compared to 54% and 87% for 40% ASD and 20% ASD SR tablets, 
respectively. 

One may observe that the developed tablet achieved a sustained 
release for ibrutinib over 6 h without utilizing external release retarding 
agent (e.g., HPMC or HPMCAS). It is suggested that copovidone S-630 
ultra imparts dual benefits, including enhancement of solubility and 
stability, as well as a retardation of ibrutinib release. 

Table 3 
Analytical results of ASD‘s stability produced by HME.  

Formulation Storage condition 

40 ◦C/75% 
RH 

60 ◦C temperature 
only 

20% ibrutinib + 80% copovidone S-630 
Ultra 

Amorphous Amorphous 

40% ibrutinib + 60% copovidone S-630 
Ultra 

Amorphous Amorphous 

60% ibrutinib + 40% copovidone S-630 
Ultra 

Amorphous Amorphous  

Fig. 11. Comparison m dissolution profiles of ibrutinib amorphous solid dispersions with 20%, 40%, and 60% drug loading than crystalline state in 20 mL FaSSIF 
(pH 6.5, non-sink) at stirrer speed of 300 rpm. 
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Most likely, the higher the drug load, the stronger are hydrophilic 
and hydrophobic interactions with copovidone S630 ultra backbone. We 
assume that H-bonding was one of the interactions formed between 
ibrutinib with the seven H-bond acceptors and copovidone S-630 ultra. 
This behavior is more evident at a higher API load than lower API 
content, which is probably related to the formation of π-π interaction 
between ibrutinib molecules, and retard drug solubility and release from 
the matrix. The propensity of such interactions is less likely to occur at 
20% API load; hence, ibrutinib is released to a greater extent than 40% 
ASD. Additionally, ASD with 20% ibrutinib content is well-dispersed 
through the polymer matrix. According to the rheological analysis, 
20% ASD demonstrated homogeneity and uniformity. Fig. 13 (A and B) 
illustrates ibrutinib structure with potential interaction sites and 
Copovidone (Plasdone™ S630 ultra) chemical structure. Findings 
showed that a 20% ASD sustained-release tablet was able to release 
more API content beyond the experiment timeframe (i.e., 6 h). 

4. Conclusion 

In this study, Copovidone (Plasdone™ S-630 Ultra) was selected as a 
most promising polymer carrier in preparation of ibrutinib amorphous 
solid dispersions. Various ASDs having different drug loadings were 
produced and HME processing conditions and specific temperature 
ranges were identified to produce a homogeneous ASDs. Furthermore, 
sustained release matrix formulations with defined dissolution profiles 
were developed. Ibrutinib-based amorphous solid dispersions demon-
strated a single-phase stable system, based on the results of mDSC, 
XRPD, and dynamic oscillatory rheological analysis. Moreover, accel-
erated stability studies were conducted and amorphous solid dispersions 
remained stable during the storage period. In addition, μDissolution and 
standard USP dissolution testing of both ASD powders and sustained 
release tablet matrices were promising. Findings suggest an improved 
release profile for amorphous ibrutinib compared to its crystalline 
counterpart. Besides, ASD with 20% drug load revealed higher drug 
release under both sink and non-sink conditions. In conclusion, the 
poorly water-soluble crystalline ibrutinib was successfully transformed 

into an amorphous form via HME and was formulated as a sustained 
release tablet with 5-fold increase in drug release rate in micro- 
dissolution testing compared to the drug in its original crystalline 
state. This may allow for potential dose reduction in current regimen 
where daily dose of 560 mg immediate release dosage form is indicated. 
Dose reduction and slow but improved drug release over an extended 
period may lessen frequently reported gastrointestinal disturbances, 
improve patient compliance, and enhance bioavailability. These latter 
suggestions require further investigations and may persuade other 
pharmaceutical scientists to engage in further research in this context. 
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