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A B S T R A C T   

Recent advancements in the formulation of solid dosage forms involving active ingredient- 
cyclodextrin complexes have garnered considerable attention in pharmaceutical research. 
While previous studies predominantly focused on incorporating these complexes into solid states, 
issues regarding incomplete inclusion prompted the exploration of novel methods. In this study, 
we aimed to develop an innovative approach to integrate liquid-state drug-cyclodextrin inclusion 
complexes into solid dosage forms. Our investigation centered on rivaroxaban, a hydrophobic 
compound practically insoluble in water, included in hydroxypropyl-β-cyclodextrin at a 1:1 M 
ratio, and maintained in a liquid state. To enhance viscosity, hydroxypropyl-cellulose (2 % w/w) 
was introduced, and the resulting dispersion was sprayed onto the surface of cellulose pellets 
(CELLETS®780) using a Caleva Mini Coater. The process parameters were meticulously 
controlled, with atomization air pressure set at 1.1 atm and a fluidizing airflow maintained at 
35–45 m3/h. Characterization of the coated cellets, alongside raw materials, was conducted using 
Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), and differential scanning calorimetry (DSC) analyses. Physicochemical evalua-
tions affirmed the successful incorporation of rivaroxaban into hydroxypropyl-β-cyclodextrin, 
with the final cellets demonstrating excellent flowability, compressibility, and adequate hardness. 
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Quantitative analysis via the HPLC-DAD method confirmed a drug loading of 10 mg rivaroxaban/ 
750 mg coated cellets. In vitro dissolution studies were performed in two distinct media: 0.022 M 
sodium acetate buffer pH 4.5 with 0.2 % sodium dodecyl sulfate (mirroring compendial condi-
tions for 10 mg rivaroxaban tablets), and 0.05 M phosphate buffer pH 6.8 without surfactants, 
compared to reference capsules and conventional tablet formulations. The experimental capsules 
exhibited similar release profiles to the commercial product, Xarelto® 10 mg, with enhanced 
dissolution rates observed within the initial 10 min. This research presents a significant 
advancement in the development of solid dosage forms incorporating liquid-state drug-cyclo-
dextrin inclusion complexes, offering a promising avenue for improving drug delivery and 
bioavailability.   

1. Introduction 

Recently, the pharmaceutical industry has faced significant challenges in formulating drugs with poor aqueous solubility, such as 
rivaroxaban (RIV), a potent anticoagulant. Despite their therapeutic potential, these drugs often exhibit limited bioavailability due to 
their low solubility, which can lead to suboptimal therapeutic outcomes. Cyclodextrins, particularly hydroxypropyl-β-cyclodextrin 
(HPβCD), have emerged as promising excipients for enhancing the solubility and bioavailability of poorly soluble drugs by forming 
inclusion complexes. The preparation and characterization of these inclusion complexes are crucial for optimizing their performance 
and application. Several studies have investigated the preparation of cyclodextrin-based inclusion complexes to improve the solubility 
of guest molecules [1–5]. The inclusion of different active pharmaceutical ingredients (API) in the cavity of various cyclodextrins (CDs) 
has been an important topic for many studies aimed at increasing the solubility, bioavailability, stability, or other disadvantages of the 
drugs [6–11]. Still, despite numerous data collected in the literature, there are not yet many commercial products based on cyclo-
dextrins inclusion complexes available in the pharmaceutical market. Several reasons stand between the research findings and the 
pharmaceutical industry production. 

Several studies have demonstrated the efficacy of cyclodextrin-based inclusion complexes in improving the solubility and disso-
lution rates of various drugs. For instance, in a study by Gu and Liu [12], the inclusion of hydroxypropyl-β-cyclodextrin (HPβCD) 
significantly enhanced the solubility of a hydrophobic compound, thereby improving its bioavailability. Similarly, Lincón-López et al. 
[13] highlighted the potential of cyclodextrins in pharmaceutical applications, emphasizing their ability to enhance the solubility and 
stability of drug molecules. Cyclodextrins offer unique molecular structures with hydrophilic exteriors and lipophilic interiors. Many 
molecules can penetrate the cavity CD to form an inclusion compound. These molecules must meet an important condition, called full 
or partial conformability to the CD cavity [14–16]. β–CDs are most suitable for pharmaceutical technology because the size of their 
cavity allows the entrapment of drug molecules. α - CD is generally too small for this purpose, and γ - CD, which is actually a byproduct 
of the enzymatic degradation of β - CD, is too large [17,18]. The special configuration of CDs gives them the property of being able to 
trap hydrophobic molecules or the apolar part of amphiphilic molecules in their cavity [19]. Since all APIs have well-established 
therapeutic dosages that cannot be changed, when incorporating them into the CDs cavity, the complexation phenomenon must 
take place at minimum molar ratios between API and CD. Taking into account that CDs have a much higher molecular mass than APIs, 
they become part of the binary system in a larger amount, meaning a greater amount of material must be included in a pharmaceutical 
form. The inclusion complex turns into the new active ingredient of the product and other excipients must be added to obtain a suitable 
pharmaceutical system that can be administered to humans. Unfortunately, at low molar ratios (API:CD) the API incorporation is not 
complete, but usually only partial complexation is achieved. Most of the data demonstrate that increasing the amount of CD in the 
complex leads to better inclusion [20–22], but the complex cannot be able to be included in a proper drug, especially an oral solid 
dosage form. Even if a convenient complexation degree in a low molar ratio is achieved, by using modern technologies such as 
freeze-drying [23], other disadvantages are encountered. Cyclodextrins are hygroscopic and can easily absorb moisture when exposed 
to humidity [24]. Therefore, regardless of the method used to prepare the complex, it has a certain water content, which is an 
important factor in the mechanical properties of materials and in obtaining samples with a specific concentration [25]. 

Also, all CDs and solid-state inclusion complexes (IC) have very poor flowability, probably due to the enclosed moisture [26–31], 
which always affects the flow properties of the compression materials and requires either large quantities of fillers and lubricants in the 
formulation, either the use of advanced excipients which are very expensive or the application of complicated technologies. However, 
while cyclodextrins offer promising solubility enhancement properties, the integration of inclusion complexes into solid dosage forms 
remains a challenge. Traditional methods, such as direct compression or wet granulation, may compromise the stability or 
bioavailability of the drug, limiting its efficacy in achieving optimal dissolution rates. Additionally, the hydrophobic nature of many 
drugs poses difficulties in achieving uniform dispersion within solid dosage forms. Considering the above drawbacks, the present study 
aimed to develop a new method that can solve the current problems of pharmaceutical technology and bridge the gap between science 
and the drug industry regarding the use of CDs in oral solid dosage forms. Our study aims to address this gap by investigating the 
potential of liquid-state inclusion complexes to enhance API entrapment and formulation characteristics. Specifically, we seek to 
develop liquid-state inclusion complexes of rivaroxaban (RIV) with hydroxypropyl-β-cyclodextrin (HPβCD) and assess their suitability 
for oral solid dosage forms. 

Rivaroxaban (Fig. 1(a)), a hydrophobic compound with limited aqueous solubility, possesses functional groups such as aromatic 
rings and carbonyl groups, which contribute to its hydrophobicity and propensity for interactions with other molecules [32]. HPβCD 
(Fig. 1(b)), on the other hand, is a hydrophilic derivative of cyclodextrin characterized by its hydroxyalkyl substituents, which impart 
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water solubility and facilitate interactions with hydrophobic guest molecules [33]. 
The structural compatibility between rivaroxaban and HPβCD arises from the complementarity of their molecular structures. The 

hydrophobic regions of rivaroxaban align with the hydrophobic cavity of HPβCD, allowing for favorable interactions such as van der 
Waals forces and π-π stacking interactions [34]. Additionally, the hydrophilic exterior of HPβCD promotes aqueous solubility and 
stabilizes the resulting inclusion complex in solution [35]. Hydrophobic interactions play a crucial role in facilitating the encapsulation 
of rivaroxaban within the cavity of HPβCD. As rivaroxaban molecules diffuse into the aqueous solution containing HPβCD, they are 
encapsulated within the hydrophobic cavity through hydrophobic interactions between their hydrophobic moieties and the inner wall 
of HPβCD. This encapsulation process is driven by the hydrophobic effect, wherein the hydrophobic molecules seek to minimize their 
exposure to the surrounding aqueous environment by associating with other hydrophobic surfaces [36]. The above-mentioned dis-
cussion highlights the structural and molecular basis for the inclusion of rivaroxaban within HPβCD and provides insights into the 
mechanisms governing inclusion complex formation. 

In the proposed method a liquid-state IC, which is intended to have a better entrapment of the API [37,38], is sprayed onto the 
surface of cellulose pellets, which are then encapsulated in hard gelatin capsules for oral administration. The selected active ingredient 
was rivaroxaban (RIV) because it has low water solubility, and is included in class II by the Biopharmaceutics Classification System 
(BCS), meaning its dissolution is the rate-limiting step for absorption [39]. 

Rivaroxaban, a nonionizable neutral molecule, exhibits consistent solubility across different pH levels. Experimental measurements 
at 298.15 K have determined its mole fraction solubility in water to be approximately 2.89 × 10⁻⁷ [40], while solubility tests in distilled 
water have yielded a similar value of 3.02 × 10⁻⁷ [41]. Khan et al. determined a 5.11 μg/mL solubility in distilled water of RIV. When it 
was prepared with β-cyclodextrin (βCD) at a molar ratio of 1:2 using the kneading method, the solubility of RIV increased significantly 
to 42.21 μg/mL, which is 8.26 times higher than that of the pure drug. Additionally, using Soluplus and the solvent evaporation 
method, the solubility of RIV was dramatically enhanced to 281.27 μg/mL [42]. Also, RIV, a potent anticoagulant substance, was found 
to have a food-dependent release profile [43]. To increase RIV aqueous solubility and avoid the use of surfactants such as sodium lauryl 
sulfate in the dosage formulation, it was incorporated in an IC with hydroxypropyl-beta-cyclodextrin (HPβCD), at a minimal molar 
ratio of 1:1. HPβCD is a synthetic hydroxyalkyl derivative that possesses a very good solubility in water (45 % m/V), due to the 
presence of hydrophilic alcohol groups [44]. HPβCD is also well tolerated, being suitable for oral administration [45]. The novelty of 
our approach lies in leveraging liquid-state inclusion complexes as a means to overcome existing challenges in pharmaceutical 
technology. By encapsulating rivaroxaban within HPβCD at minimal molar ratios, we aim to enhance its solubility without the need for 
surfactants. Additionally, to increase the viscosity of the coating dispersion, hydroxypropyl cellulose (HPC) was used at a concen-
tration of 2 %. HPC, a cellulose derivative with film-forming properties, acts as a binder and helps to form a protective polymeric film 
around the cellulose pellets [46]. Although both HPC and HPMC were considered because both are valuable cellulose derivatives in 
pharmaceutical formulations and offer film-forming properties, binding capabilities, and solubility-promoting characteristics, the 
choice between them depended on the specific requirements of the formulation, such as solubility requirements, temperature sensi-
tivity, and desired viscosity [47,48], among other factors. One of the main reasons for choosing HPC in the studied formulation is its 
remarkable solubility in the solvent. HPC dissolves readily in various solvents, allowing efficient formulation preparation. In addition, 
the solubility-enhancing properties of HPC are of great importance, as they ensure that the API is evenly dispersed throughout the 
formulation. This improved solubility is crucial to achieve the desired therapeutic effect and consistency of the final product. 

2. Materials and methods 

2.1. Materials 

Micronized RIV (form I) manufactured by Neuland Laboratories Limited was donated by Labormed-Pharma SA, HPβCD was 
purchased from Global Holding Group Co., Ltd., (Ningbo, China) and HPC from Sigma-Aldrich Chemie GmbH, Germany. Micro-
crystalline cellulose spheres (Cellets® 780) manufactured by IPC – International Process Center GmbH & Co. KG, Germany, were 
donated by Harke Romania SCS. All used chemicals and solvents were of analytical reagent grade. A Mettler Toledo AT261 balance 

Fig. 1. Chemical structures of (a) rivaroxaban and (b) HPβCD.  
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(with 0.01 mg sensitivity) was used for weighing the samples. 

2.2. Methods 

2.2.1. The inclusion complex preparation 
The inclusion complex was prepared by the liquid phase method. The equivalent of 1 g of micronized RIV with a D90 of 8 μm was 

dissolved in 30 g of acetone at a temperature of 30◦ within a sealed glass container, and 3.54 g of HPβCD (respecting the 1:1 M ratio 
between the drug and cyclodextrin) was dissolved in 63.46 g of purified water. The aqueous solution was slowly added to the RIV 
solution with constant mixing, then the mixture was stirred at 750 rpm for 5 h at room temperature using a Heidolph MR 3001K 
magnetic stirrer. Acetone, a commonly used organic solvent, was chosen for its ability to dissolve the drug effectively. 

2.2.2. The coating dispersion manufacture 
After 6 h, 2 g of HPC was added, and then the mixture was stirred for another hour under the same conditions. 

2.2.3. The cellets coating process 
The fluid bed system Caleva Mini Coater/Drier 2 produced by Caleva Process Solutions Ltd, UK, was used for the manufacturing 

process. 75 g of pellets were placed in the fluid bed chamber, and the polymeric film solution was sprayed onto the pellets at a spray 
rate of 1 ml/min. Air pressures between 0.6 and 2.0 atm were tested in the analysis of the spray patterns. An atomization air pressure of 
1.1 atm was deliberately chosen for the spraying process. This specific pressure was selected to ensure a finely dispersed and uniform 
application of the polymer film to the pellet surface. Spray pattern analysis was performed using a special pad provided by COL-
ORCON, the design of which was such that it mimicked the conditions of the actual coating process. The height of the spray pattern was 
carefully kept at 20 cm, which corresponded to the coating process. Upon observation, it was found that the spray had a consistent and 
uniform circular pattern, forming small droplets that contributed to the creation of a homogeneous film. It should be emphasized that 
this result is closely related to the specific composition and viscosity of the coating film. The deviation from the optimum atomizing air 
pressure of 1.1 atm had significant effects. Excessive pressure resulted in fine dispersions with scattered spots, while insufficient 
pressure led to concentrated areas with larger droplets. This underscores the critical importance of accurately controlling atomizing air 
pressure to achieve the desired coating properties. At the same time, the process was upheld with a fluidization air flow rate of 35–45 
m3/h and a temperature of 60 ◦C. These operating conditions were carefully maintained to facilitate efficient blending and coating. 
This dual approach, comprising controlled spraying and continuous fluidization, plays a crucial role in achieving a uniform and 
precisely desired coating thickness [49] on the cellulose pellets. 

2.2.4. The physicochemical characterization of the coated cellets 
Fourier transform infrared spectroscopy (FTIR) analysis was carried out using a JASCO FTIR 4100 spectrophotometer (Tokyo, Japan) 

with solid samples prepared as KBr pellet. The spectra were recorded in the 4000–400 cm− 1 range. 
X-ray diffraction analysis (XRD) was made using a Rigaku Ultima IV diffractometer (Rigaku Co., Tokyo, Japan). The apparatus 

functioned in parallel beam geometry using a CuKα radiation (λ = 1.5406 Å). The XRD diffractograms were analyzed in 2θ range 
between 5◦ and 60◦ using a speed of 2◦/min at step size of 0.02◦. 

Differential scanning calorimetry (DSC) analyses were performed using a Mettler Toledo DSC 3, under 80 mL/min nitrogen atmo-
sphere, at a heating rate of 10 ◦C min− 1. 

Atomic force microscopy (AFM) measurements were performed in "non-contact" mode with XE-100 device from Park Systems, 
equipped with decoupled XY/Z scanners. All AFM measurements were performed with NSC36B tips (MicroMasch), with a typical 
radius of curvature of less than 8 nm, full cone angle of ~40o, height ~15 μm, thickness of ~1 μm, length of ~90 μm, width of ~32 μm, 
force constant of ~2 N/m and resonance frequency of ~130 kHz. After recording, the images were processed with the XEI program (v 
1.8.0, Park Systems). The AFM figures are presented in the so-called "enhanced contrast" mode, in which the color of a pixel is 
determined by the color variation of neighboring pixels. For AFM measurements, a drop of each sample (previously suspended in 
ethanol, in a ratio of 1:10, and collected from supernatant) was placed on specimens of clean and smooth microscope glass substrates 
(Heinz Herrenz). 

FTIR, XRD, DSC and AFM analysis were performed on the coated cellets in comparison to the uncoated cellets, RIV and HPβCD. 
The surface and shape characteristics of the cellets were determined by scanning electron microscopy (SEM), using a Hitachi TM4000 

plus tabletop scanning electron microscope system (Hitachi High-Tech Corp., Tokyo, Japan). The samples were mounted on SEM 
aluminum stubs using conductive double-sided adhesive carbon tapes. In order to improve the image quality and resolution of the 
obtained micrographs, Gold/Palladium in argon sputter coating of the samples was performed, using a SC7620 Mini Sputter Coater 
(Quorum Technologies Ltd, Ashford, Kent, UK), with a plasma current of 25 mA for 60 s. The samples were observed under low- 
vacuum, using an accelerating voltage of 15 kV, under backscattered electron image (BSE) mode. The coated cellets morphology 
was examined in comparison to the uncoated cellets powdered with RIV and uncoated cellets powdered with RIV and HPβCD. 

2.2.5. The pharmacotechnical evaluation of the coated cellets 
The pharmacotechnical properties of the coated cellets were assessed in comparison to the starter cores. All tests were performed 

three times on each sample. 
Particle size distribution was determined by analytical sieving on a CISA Sieve Shaker Mod. RP 10 from Cisa Cedaceria Industrial, 

Spain. The sample held on each vibrating standard sieve is collected and weighed as 5 g of cellets passes through the sieves after 20 min 
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of shaking. The sieves are arranged so that the coarsest are at the top and the finest at the bottom. 
Moisture content was verified by thermogravimetric measurement of drying loss, with a HR 73 Mettler Toledo halogen humidity 

analyzer produced by Mettler-Toledo GmbH, Greifensee, Switzerland. 
Flowability was examined by the angle of repose, flowing time and rate as each sample flowed through an orifice with a defined 

diameter. This study was conducted using an Automated Powder and Granulate Testing System PTG-S3 made by Pharma Test 
Apparatebau GmbH, Germany. 

Volumetric characteristics were investigated with a Vankel Tap Density Tester, fabricated by Vankel Industries Inc., USA. Calcula-
tions were made for bulk and tapped density, the Hausner ratio (HR), and the Carr Index (CI). After introducing 10 g of each sample 
into the graduated cylinder, the bulk volume was measured. The material was then subjected to a predetermined number of me-
chanical shocks, to measure the material’s tapped volume. The ratio between tapped density and bulk density, or Hausner Ratio (HR), 
and the equation for calculating Carr Index (CI), equation (1), are both used to estimate the cellets ability to flow and to be compressed, 
to uniformly fill the capsules. 

CI =
100

(
ρf − ρo

)

ρf
(1) 

A HR value of less than 1.25 shows that the material is freely flowing, and a CI value of less than 10 denotes that the material has 
great flowability and compressibility properties [50,51]. 

Friability was analyzed with a Vankel friabilator on 2 g of each sample rotated for 5 min at a speed of 25 rpm. The de-dusted cellets 
were weighed again, and the mass loss was calculated and presented as a percentage. 

Quantitative determination of rivaroxaban into the coated cellets was performed using an HPLC-DAD method, at 250 nm. Chro-
matographic separation was accomplished at 45 ◦C on a 100*3.0 mm i.d. Kinetex EVO C18 Core-Shell column (Phenomenex Inc., 
Torrance, CA, USA) by using a mobile phase composed of 0.1 % (v/v) aqueous solution of formic acid and acetonitrile: methanol 1:1 
(v/v), in a 60:40 (v/v) ratio. 

2.2.6. Coated cellets encapsulation process 
Considering the results of the preformulation studies, 750 mg of cellets must be contained in one capsule in order to achieve a 10 mg 

RIV concentration per dosage unit. For this purpose, colorless hard gelatin capsules "00″ size, manufactured by ACG Associated 
Capsules Pvt. Ltd and donated by S.C. Slavia Pharm SRL were used as shells of the product. They were filled with content, using a No.00 
manual encapsulation device manufactured in-house. 

2.2.7. Capsules quality control 
Mass uniformity was assessed following the European Pharmacopoeia guidelines [52] by weighing 10 filled capsules and then just 

the empty shells. 
In vitro disintegration time was determined using the disintegration device ELECTROLAB ED-2L, manufactured by ELECTROLAB 

PVT. LTD, India, in accordance with compendial requirements. Six capsules were placed in each of the six open-ended transparent 
tubes of the basket rack and tested in purified water at 37 ± 2 ◦C. A disk was then added on top of each capsule. The basket rack was 
then mounted on the apparatus. After the complete disintegration of all six capsules, the apparatus was stopped, and the time was 
recorded. 

In vitro drug release studies were performed in a Vision G2 Classic 6 Dissolution Tester (Teledyne Hanson, Chatsworth, CA, USA), 
using USP I (basket) apparatus at 37.0 ± 0.5 ◦C and 100 rpm. Using the basket method instead of the paddle method recommended in 
the Rivaroxaban Tablets USP monograph [53] was preferred to minimize the variability induced by the initial floating tendency of the 
individual cellets and better simulate the conditions encountered in the gastrointestinal tract when these cellets are ingested as part of 
a pharmaceutical product. A volume of 900 mL of medium was used for the experiment. Two different dissolution media were tested, i. 
e. 0.022 M sodium acetate buffer pH of 4.5 containing 0.2 % sodium dodecyl sulfate (the compendial medium for 10 mg Rivaroxaban 
tablets), as well as 0.05 M phosphate buffer pH 6.8, without the addition of surface active agents. Aliquots of 1.5 ± 0.1 mL were 
withdrawn at 5, 10, 15, 20, 30, 45, 60, 90, and 120 min, and immediately replaced with an equal volume of fresh medium at the same 
temperature. The samples were filtered through a 0.45 μm Teflon®  filter, and the drug concentrations were determined by using a 
validated HPLC method, with UV detection at 250 nm. All evaluations were performed in triplicate. For a better observation of the drug 
release performance, the developed capsules were compared with the commercial product (Xarelto® 10 mg, Bayer AG, Germany), and 
two other reference capsules were prepared: capsules containing UC and RIV and capsules with UC, RIV, HPβCD, and HPC in the same 
amounts as the studied pharmaceutical product. 

3. Results and discussion 

3.1. The physicochemical characterization of samples 

3.1.1. FTIR analysis 
The Fourier Transform Infrared (FTIR) spectroscopy analysis conducted in our study not only elucidates the structural composition 

of the inclusion complex of rivaroxaban (RIV) with hydroxypropyl-beta-cyclodextrin (HPβCD) but also highlights significant novelties 
in comparison to existing literature. The FTIR spectra of the samples are represented in Fig. 2. 
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The obtained FTIR spectrum of RIV (Figure FTIR-Ia) showed the characteristic peak at 1011 cm− 1 confirming the polymorphic form 
I of RIV. Also, the common peak of forms I was found at 1146 cm− 1 [54,55]. The peaks located at 3354 cm− 1 are corresponding to the 
secondary amide N–H stretching vibration and the medium bands located at 1547 and 1518 cm− 1 are assigned to N–H bending mode 
(scissoring). The strong band located at 1738 cm− 1 is assigned to C––O stretching from the ester group while, the amide group 
exhibited strong stretching frequencies at 1670 and 1640 cm− 1. The strong bands between 1340 and 1000 cm− 1 correspond to the 
C–O–C groups from ethers and esters. The bands between 850 and 550 cm− 1 domain were assigned for C–Cl stretching. The obtained 
FTIR spectrum is in agreement with the RIV form I spectrum reported in the literature [56–59]. Comparatively, while literature 
references have primarily focused on identifying RIV’s crystalline form and validating the structural integrity of HPβCD [56–59], our 
study uniquely explores the encapsulation process and its implications for pharmaceutical formulation. 

In the FTIR spectrum of HPβCD (Figure FTIR-Ib) is observed an intensive broad band which appeared at 3423 cm− 1 was assigned to 
O–H group valence vibrations. The peak located at 2927 cm− 1 is assigned to C–H valence vibrations. The bands that appear at 1448 and 
1370 cm− 1 were assigned to asymmetric and symmetric C–H deformation vibrations in the plane from CH2 and CH3, respectively. The 
three bands from 1200 to 1000 cm− 1 domain with maxima at 1157, 1084, and 1033 cm− 1 were assigned to the coupled valence skeletal 
vibration of C–O, C–O–C, C–C–O, and C–C–C asymmetric groups containing cyclodextrin. The presence of valence and deformation 
vibrations of glucopyranose units from HPβCD in C1 chair conformation containing α-1,4 linkages of glucose was confirmed by the 
presence of the two bands at 947 and 855 cm− 1, respectively [27,29,60]. 

Uncoated cellets samples have shown the common FTIR peaks representative of cellulose (Figure FTIR-Ic): the flexural vibrations 
and the stretching vibrations of intra- and intermolecular hydrogen bonds from the hydroxyl O–H group appear in the range of 
3000–3700 cm− 1 as a broad band with the peak at 3375 cm− 1, the C–H stretching vibrations appears at 2894 cm− 1, the O–H bending of 
the absorbed water appears at 1643 cm− 1. The peaks at 1424 cm− 1 and 1373 cm− 1 are assigned to H–C–H and O–C–H in-plane bending 
vibrations and C–H deformation vibrations, respectively. The C–O stretching vibrations appear at 1162 cm− 1. The O–H bending from 

Fig. 2. FTIR analyses of the samples (I) (a) RIV (inset the characteristic peaks of RIV, 1200-500 cm− 1 domain); (b) HPβCD; (c) uncoated cellets; (d) 
coated cellets; and (II) normalized FTIR analyses for coated and uncoated cellets. 

E.A. Ozon et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e33162

7

the β-glycosidic linkages between the anhydroglucose units appears at 899 cm− 1 and the peaks at 666 cm− 1 were assigned to C–OH 
out-of-plane bending vibration [61–69]. 

FTIR spectra of coated cellets (Figure FTIR-Id) did not reveal any obvious RIV peaks (only the peak at 1736 cm− 1 corresponding to 
the amide group, Figure FTIR-II), while certain cellets characteristic bands slightly shifted and with different intensities could be 
recognized. This clearly indicates the successful surrounded of cellets by HPC polymer coating of the drug (included into the HPβCD 
cavity) loaded pellets. Moreover, our findings underscore the effectiveness of hydroxypropyl cellulose (HPC) polymer coating in 
encapsulating the RIV-HPβCD inclusion complex, as evidenced by distinct shifts and intensity variations in characteristic cellets bands 
(Figure FTIR-Id). This innovative approach not only ensures the stability and integrity of the inclusion complex but also holds promise 
for enhancing the solubility and bioavailability of poorly soluble drugs like RIV. 

The FTIR spectroscopy analysis not only corroborates existing literature regarding the structural characteristics of RIV and HPβCD 
but also introduces novel insights into the encapsulation process and the role of HPC polymer coating in pharmaceutical formulation. 
These findings represent a significant advancement in drug delivery technology and move forward for further research into optimizing 
the performance of inclusion complexes in solid dosage forms. 

3.1.2. XRD analysis 
The X-ray diffraction (XRD) analysis conducted in this study not only confirms the crystalline nature of rivaroxaban (RIV) and the 

amorphous structure of hydroxypropyl-beta-cyclodextrin (HPβCD) but also highlights novel insights into the efficiency of our 
formulation approach. The X-ray diffraction spectra of the samples are represented in Fig. 3. 

Analysis of X-ray diffraction patterns (Fig. 3(a)) of RIV showed a distinct crystalline phase with characteristic sharp peaks, con-
firming the polymorphic form I of RIV [70]. The characteristic peaks of form I were at 8.9◦ and 24.7◦, in agreement with literature [54, 
71]. The broad peaks located at 11.6 and between 18 and 19◦ which appeared in the X-ray diffractogram of HPβCD (Fig. 3(b)) are not 
structured, which indicates its amorphous structure [72]. In the XRD pattern of uncoated cellets (Fig. 3(c)), there are diffraction peaks 
that appear at 2θ = 14.9◦, 16.3◦, 22.5◦, and 34.6◦ that correspond to the following crystallographic planes (110), (1 1 0), (200), and 
(004), respectively following the characteristic X-ray diffraction peaks of cellulose Iβ [73–76]. 

The X-ray diffractogram of coated cellets (Fig. 3(d)) presents no difference compared with the uncoated cellets diffractogram and 
showed only a reduction in the peak’s intensities. This is proof that the cellets were successfully coated with the RIV which was 
adsorbed onto the carrier surface. Notably, our study uniquely examines the XRD pattern of coated cellets, revealing a reduction in 
peak intensities without significant changes in the overall crystalline structure. This observation suggests efficient coating of the cellets 
with RIV, demonstrating the effectiveness of our formulation strategy. By confirming the crystalline phase of RIV and the amorphous 
structure of HPβCD, our XRD analysis validates the successful formation of the inclusion complex. The absence of significant changes in 
the XRD pattern of coated cellets compared to uncoated cellets indicates that the coating process does not alter the crystalline structure 
of the carrier material. This underscores the efficiency of our formulation approach in preserving the structural integrity of both the 
drug and carrier components. The XRD analysis presented in this study not only provides novel insights into the structural charac-
teristics of RIV and HPβCD but also underscores the efficiency of our formulation strategy in encapsulating the drug within the carrier 
matrix. These findings contribute to the advancement of drug delivery systems for poorly soluble drugs and hold promise for enhancing 
their solubility and bioavailability in pharmaceutical formulations. 

Fig. 3. X-ray diffraction pattern of the samples (a) RIV; (b) HPβCD; (c) uncoated cellets and (d) coated cellets.  
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3.1.3. DSC analysis 
Differential scanning calorimetry (DSC) measurements were performed on the pure drug (RIV), the uncoated cellets, HPβCD and 

the coated cellets in order to assess the adsorption of RIV molecules on the surface of coated cellets samples (Fig. 4). 
The investigation into the thermal properties of rivaroxaban (RIV)-hydroxypropyl-beta-cyclodextrin (HPβCD) inclusion complexes 

within solid dosage forms reveals crucial insights into their physical characteristics and interactions, bearing significant implications 
for pharmaceutical formulation and drug delivery. One of the key observations from thermal analysis studies is the thermal behavior of 
the inclusion complex as revealed by differential scanning calorimetry (DSC). DSC studies have shown whether the inclusion complex 
exists in a crystalline or amorphous state, shedding light on the molecular arrangement of rivaroxaban and HPβCD within the complex. 
Understanding the thermal behavior of the inclusion complex is crucial as it can impact its stability, solubility, and ultimately, its 
performance in pharmaceutical formulations. The DSC results revealed distinct thermal profiles for each component within the 
formulation. The sharp endothermic peak observed in the DSC curve of RIV at 232.8 ◦C is consistent with previous reports and confirms 
the crystalline nature of the drug [54,59,77]. This finding underscores the importance of understanding the physical characteristics of 
RIV in pharmaceutical formulations, as crystallinity can significantly impact drug solubility and dissolution kinetics. 

Conversely, the broad endothermic event observed in the DSC curve of HPβCD between 25 and 85 ◦C is attributed to the desorption 
of physisorbed humidity, highlighting the hygroscopic nature of cyclodextrins [30]. This observation emphasizes the need to consider 
moisture content in formulation development to ensure product stability and efficacy. 

Furthermore, the successful incorporation of the rivaroxaban-HPβCD inclusion complex into pharmaceutical formulations relies on 
its compatibility with other excipients. Thermal analysis techniques play a crucial role in assessing this compatibility, as they can 
detect any interactions or incompatibilities between the inclusion complex and formulation components. Notably, the DSC curves of 
uncoated cellets and coated cellets samples did not exhibit significant transitions, indicating the thermal stability of the HPC cellulose 
carrier within the analyzed temperature range. In the DSC curve of uncoated cellets, it was observed the appearance of a plateau until 
280 ◦C, because the degradation of cellulose appears at temperatures ranging from 280 to 400 ◦C, and the carbonation of the residual 
products over 400 ◦C [78]. The absence of a distinct melting endotherm in the DSC curve of coated cellets samples suggests that RIV 
was completely absorbed on the carrier surface. This finding is consistent with our FTIR and XRD analyses, which corroborate the 
adsorption of RIV molecules onto the carrier surface. 

By comparing our DSC results with relevant literature findings, we have provided valuable insights into the physical properties and 
interactions within the formulation. These insights have important implications for the formulation and performance of solid dosage 
forms, particularly in terms of drug release kinetics and bioavailability. Thermal analysis techniques have played a pivotal role in 
assessing this compatibility, as demonstrated by studies by Gill et al. [79] and Ainurofiq et al. [80]. By evaluating the thermal behavior 
of the inclusion complex in the presence of excipients, researchers can optimize formulation parameters to ensure the stability and 
efficacy of the final dosage form [81,82]. 

3.1.4. AFM and SEM analyses 
Fig. 5 presents the topographic enhanced contrast AFM images, recorded at the scale of (2x2) μm2, for the samples of interest. Fig. 5 

(a) and (c) are representative of the RIV and HPβCD samples, used further as functional coatings for the cellets, while Fig. 5(b) and (d) 
show the uncoated and coated cellets. Thus, Fig. 5(a) presents the morphology of the RIV, consisting of a sequence of hills (of app. 
8–10 nm height) and valleys (of 4–8 nm depth). Nevertheless, in some parts, the RIV sample is disposed more compactly, as in the 
center of the image, where the height of the clusters is up to ~40 nm in height. Instead, the HPβCD sample, Fig. 5(c), exhibits a more 
uniform morphology, and an excellent degree of dispersion, leading to a smooth surface with a repetitious structure of nano-pores 

Fig. 4. DSC analyses of the samples.  
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(visible as small pits). At larger scales, some cavities, of ~8–12 nm depth and a few hundreds of nm in diameter are present on the 
surface of the HPβCD sample (not shown here). In fact, both the superficial porosity and the presence of superficial cavities are a 
“fingerprint” of the HPβCD sample, in agreement with other reports [83]. The morphological differences between RIV and HPβCD 
samples are well expressed by the superposition of the two characteristic line scans (the ones marked by red horizontal lines in Fig. 5(a) 
and (c)), plotted in Fig. 5(e). 

From Fig. 5(e) it can be observed that the HPβCD sample is more uniform and smoother with a z-height difference of only a few nm, 
while in the case of RIV sample, the z-scale difference is one order of magnitude higher. Fig. 5(c) depicts the surface of the uncoated 
cellets, with the irregularities characteristic of the bare microcrystalline cellulose pellet, having height differences of up to 20 nm. By 
covering the surface of the cellets, a clear difference in morphology appears in Fig. 5(d), with the coating material forming compact 
clusters, probably disposed on the ridges/furrows of the underneath microcrystalline cellulose pellet. From the superposition of the 
two line scans plotted for the bare and coated cellets, collected at the positions indicated by the red horizontal lines from Fig. 5(b) and 
(d), it can be estimated that the thickness of the coating layer, covering completely the bare cellets, is ~50–70 nm, as suggested by the 
z-scale corrugation from Fig. 5(f). 

The SEM micrographs are presented in Fig. 6. 
The results from Fig. 6 revealed significant differences between film-coated and powdered cellets in terms of the distribution and 

structure of active components. Film-coated cellets showed a well-defined inclusion complex in which RIV and HPβCD interacted 
efficiently. This inclusion complex appeared in the form of a uniform film on the surface of the coated cellets, indicating effective 
adhesion of the active components to their surface. In contrast, the cellets powdered with RIV showed a more irregular distribution of 
the active ingredient, which appeared to be dispersed on the surface of the cellets in the form of matted particles. In the cellets 
powdered with RIV and HPβCD, it is observed that the two molecules form agglomerates, indicating the affinity between them, but 
they are also irregularly distributed. 

3.2. The pharmacotechnical evaluation of the coated cellets 

For both coated (CC) and uncoated cellets (UC), the highest proportion of spheres is in the range of 600–800 μm, and only 2 % of 
them have sizes above 800 μm. Meanwhile, none of the samples contained particles lower than 600 μm, proving a high uniformity of 
the dimensions. In addition, the coating layer did not extensively load the cores, forming only a thin film, as the AFM images also 
demonstrated. The two types of cellets present a narrow distribution of the particle dimensions, with no significant differences between 
the two samples. Various studies revealed the influence of the pellets’ sizes and shapes on the capsule filling behavior, demonstrating 
that a thicker coat leads to a fluctuating dosage [84–87]. Considering this evidence, it is expected that the RIV CC will have consistent 

Fig. 5. Enhanced-contrast topographic AFM images, recorded at the scale of (2x2)μm2 for: (a) RIV, (b) uncoated cellets, (c) HPβCD, (d) coated 
cellets; superimposed characteristic line-scans for the pairs of samples: RIV and HPβCD (e) and, respectively uncoated and coated cellets (f). 
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filling ability. In the case of a narrow particle size distribution, a more homogenous dispersion of the blend is attained. A higher 
moisture content (4.26 ± 0.55 %) was found at CC compared to UC (2.84 ± 0.27 %). The difference is found in the coating film and is 
caused by the solvents used in the spreading dispersion. However, the CC complies with Eur. Pharm. standards (≤7 % moisture) [52], 
proving that the drying time (5 min after the end of spraying) and temperature (60◦) were correctly chosen. F. De Leersnyder et al. [88] 
demonstrated a clear correlation between the parameters of the drying process, the particle size distribution and the moisture of the 
granules, confirming that the moisture decreases with increasing drying time and temperature, and is also reduced when the particle 
size distribution is narrow. The flowability of the material is directly related to the amount and distribution of water in the material, 
and as the moisture content increases, the granules begin to aggregate and fill the capsules unevenly. Maintaining low levels of 
moisture is crucial since it is concentrated on the CC surface and can affect the mechanical properties of the gelatin capsules, which are 
vulnerable to humidity due to the hygroscopicity of the gelatin. Both CC and UC exhibited excellent flowability, with an angle of repose 
of 22.69 ± 1.37◦ for UC and 23.02 ± 1.58◦ for CC and flow rates of 1.38 ± 0.22 g/s (UC) and 1.41 ± 0.15 g/s (CC), respectively, when 
flowing through a 10 mm nozzle without stirring. The similar results registered between the two batches prove that the coating film 
had no significant effect on the flow behavior. Since the CC showed such a consistent and fast free flow, it can be concluded that the 
granular material has suitable dynamic properties and will fill the capsules uniformly. Osorio JG et al. [89] or Kurihara and Ichikawa 
[90] demonstrated that the most important parameter affecting the weight variations in the filled capsules is the flowability of the 
material. The bulk densities of the samples were different, with a value of 0.870 g/cm3 for UC and 0.792 g/cm3 for CC. The decrease in 
density after coating was expected, since the SEM images showed the porous and amorphous surface of the CC, given by HPβCD and 
HPC. After 500 and even 1250 taps, the volumes and the densities of both CC and UC remained unchanged, leading to a HR of 1 and a 
CI of 0, which reveals ideal volumetric characteristics for capsule filling materials, with excellent flowability and adequate 
compressibility. This indicates the lack of cohesiveness of the material, with no physical interactions between the cellets. The friability 
registered for both cellets batches was zero, disclosing a suitable hardness of the coating layer. The results of the friability test prove 
that the formed film is continuous, without cracks, and has a proper hardness to withstand the subsequent capsule filling process. The 
determination of the pharmacotechnical properties of the materials is very important as it offers indispensable information on their 
behavior during the capsule filling process as well as predicting the in vitro-in vivo performance of the dosage forms. The quantitative 
analysis on the coated cellets revealed a content of 10 ± 0.72 mg RIV/750 mg cellets, proving the consistency of the fabrication 
method. 

3.3. Capsules quality control 

The average mass of the studied capsules was found to be 753 ± 12.87 mg (Fig. 7). The low variability within the batch shows the 
uniformity of the process. The excellent flowability and compactness attributes of the cellets lead to an orderly arrangement of the 
material in the capsule shell. Although the mechanical characteristics of the granules are largely responsible for the mass uniformity, it 
is nevertheless possible to modify and improve it by using a suitable compression or shaking. The filling capsules disintegrate in the 
aqueous medium within 293 ± 2.16 s, a desirable performance considering that the objective of the study is to obtain immediate- 

Fig. 6. The SEM images of (a) cellets powdered with RIV; (b) cellets powdered with RIV and HPβCD; (c) coated cellets; (d) coated cellets in section.  
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release dosage forms. To achieve the rapid onset of dissolution and thus the drug absorption, the disintegration process is a critical step. 
RIV is a Class II drug in terms of Biopharmaceutics Classification System (BCS), with high permeability and low and pH independent 

solubility in the pH range 1.2–6.8 (approximately 5–6 μg/mL) [91]. Under fasting conditions, its bioavailability decreases by up to 66 
% when administered at high doses, whereas dose proportionality and had high oral bioavailability were obtained for all doses under 
fed conditions [92]. In-vitro dissolution testing is a useful tool to assess the variables that affect the rate and extent of drug release from 
drug products and therefore serve as a substitute for bioavailability studies [93]. The USP dissolution test conditions for RIV 
recommend the addition of sodium lauryl sulfate (SLS) to the dissolution medium to ensure the sink condition when testing RIV tablets 
of 10 or 20 mg [53]. However, we proceeded with both the recommended dissolution media, having a pH of 4.5 and 0.2 % SLS (that is 
essentially simulating post-meal conditions), but also with a pH 6.8 buffer in the absence of SLS (simulating the fasted state intestinal 
conditions), in order to confirm the solubilizing effect of the RIV-HPβCD-HPC complex. The dissolution profiles in the two studied 
media are represented in Fig. 8. 

It is to be noted that the presence of SLS determined a complete release of RIV from the experimental coated cellets within 15 min. 
In the absence of the surfactant, the release was slower, reaching a plateau after about 2 h and dissolving about 75 % of the total RIV 
amount, thus indicating a solubility-limited release of the drug at about 8.3 mg/mL, slightly higher than the RIV equilibrium solubility 
in pH 6.8 buffer (reported to be about 6 mg/mL) [94]. In both media, the capsules containing the coated cellets and the commercial 
product, Xarelto® 10 mg, showed similar release profiles with a higher dissolution rate of the experimental capsules within the first 10 
min. This can result from a synergistic effect between RIV, HPβCD and HPC. In an aqueous solution, HPC also contributes to a rapid 
dissolution rate by increasing the wettability of the particles as well as the hydration properties of HPβCD by stabilizing the RIV-HPβCD 
complex in the aqueous medium [95]. This is also noted that the marketed product contains sodium lauryl sulfate as a surfactant, while 
the proposed formulation contains only HPβCD and HPC, which are much less aggressive to the human body, providing significant 
advantages for the safety and tolerability of the product in the context of long-term treatment. A comparison of the curves recorded for 
the capsules with powdered pellets shows an important difference: the capsules containing HPβCD and HPC show a much higher 
dissolution rate than the capsules containing RIV only. In this way, the positive influence of HPβCD and HPC on the one hand and the 
technological process for the coated capsules on the other hand could be precisely determined. By choosing the spray-drying method to 
coat the cellets with RIV, the contact area between the active ingredient and gastrointestinal fluids is significantly increased, leading to 
improved release performance. The displayed dissolution behavior suggests that the capsules filled with coated cellets are a potentially 
safer and more effective option for the administration of RIV. 

4. Conclusions 

In conclusion, this study presents a groundbreaking advancement in pharmaceutical technology through the development of a 
novel method to integrate rivaroxaban-hydroxypropyl-β-cyclodextrin inclusion complexes into solid dosage forms. By maintaining a 
1:1 M ratio in the liquid state, we have successfully improved the dissolution rate of the resulting pharmaceutical capsules. Through 
comprehensive physical, chemical (including FTIR, XRD, SEM, AFM, and DSC analyses), and pharmacotechnical analyses, we have 
elucidated the physicochemical parameters influencing drug dissolution and the in vitro performance of the dosage forms, ultimately 
leading to a refined understanding of the drug release profile. The study underscores the innovative potential of our method in 
addressing the longstanding challenges associated with poorly soluble drugs, exemplified by rivaroxaban. By employing a novel 
approach that leverages the encapsulation capabilities of hydroxypropyl-β-cyclodextrin (HPβCD), we have demonstrated a promising 
strategy for enhancing the solubility and dissolution kinetics of rivaroxaban. Our study contributes novel insights to the existing body 
of literature by providing a comprehensive characterization of the thermal properties of RIV-HPβCD inclusion complexes in solid 
dosage forms. By elucidating the thermal behavior of the components and their interactions, our findings lead to advancements in 
pharmaceutical formulation. This research lays the groundwork for future studies aimed at optimizing drug release profiles and 
improving the efficacy of poorly soluble drugs, ultimately advancing pharmaceutical science. The present research not only provides a 

Fig. 7. Images of studies capsules.  
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robust solution to the longstanding challenge of formulating poorly soluble drugs but also offers innovative insights into drug- 
cyclodextrin inclusion complexation. By harnessing the encapsulation capabilities of hydroxypropyl-β-cyclodextrin and optimizing 
the formulation process, we have demonstrated a transformative approach to enhancing the solubility and dissolution kinetics of 
rivaroxaban. This method opens up new possibilities for enhancing the bioavailability and therapeutic efficacy of a wide range of 
poorly soluble drugs, thereby revolutionizing drug formulation and delivery in the pharmaceutical industry. 

Moving forward, our study opens up avenues for exploring the broader applicability of cyclodextrin-based formulations in 
enhancing the solubility and bioavailability of other poorly soluble drugs. Additionally, our innovative approach may inspire further 
innovations in drug delivery systems, ultimately leading to enhanced therapeutic options in clinical practice. In essence, this research 
represents a significant step forward in pharmaceutical technology, offering a transformative solution to a longstanding challenge. 
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