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Purpose: This study aimed to ensure the convenience of administration and reproducibility of efficacy, regardless of the meal, by 
improving the solubility of rivaroxaban (RIV).
Methods: RIV is a non-vitamin K antagonist oral anticoagulants that exhibits a coagulation effect by directly inhibiting coagulation 
factor Xa. However, RIV has a very low solubility; therefore, it must be administered with a meal at high doses. We used a drug- 
hydroxypropyl-beta-cyclodextrin (CD)-water-soluble polymer triple complex (R-C-P complex) to solubilize RIV. Using Minitab, we 
evaluated the effect of each factor on RIV solubility and developed an optimal R-C-P complex formulation. The amount of CD, 
amount of polymer, and polymer type were set as the independent variables X1, X2, and X3, respectively. RIV solubility (Y1) and 
dissolution rate for 45 min in pH 4.5 medium (Y2) and pH 1.2 medium (Y3) were set as response variables.
Results: The most efficient RIV solubilization effect was obtained from the composition using CD and HPMC 2208, and 
physicochemical properties and dissolution parameters were analyzed. RIV in the R-C-P complex was present in an amorphous 
form and showed high solubility. Unlike commercial products, it showed a 100% dissolution rate. The R-C-P complex formulation 
secured high RIV solubility and 100% release regardless of pH.
Conclusion: The results imply that high-dose RIV can be administered regardless of the meal, reducing the risk of changing the drug 
effect due to the patient’s administration mistake.
Keywords: rivaroxaban, drug-cyclodextrin-polymer triple complex, solubilization, design of experiment

Introduction
Venous thromboembolism (VTE) is classified into deep vein thrombosis (DVT) and pulmonary embolism (PE).1 Vein 
blockage is caused by various factors promoting blood coagulation in the body, including hip/knee replacement, tumor 
removal, and obstetrics and gynecological surgery.2 Adequate early treatment is essential in PE, and anticoagulant 
therapy is paramount to reduce complications and prevent recurrence after acute treatment. After an initial 5–10 days of 
unfractionated heparin or low-molecular-weight heparin settlement, the patients are administered oral anticoagulant 
therapy. Non-vitamin K antagonist oral anticoagulants (NOACs), such as dabigatran, rivaroxaban, apixaban, and 
edoxaban, have been approved for use in Korea.3 NOACs with direct thrombin inhibition (dabigatran) and direct active 
factor Xa inhibition (rivaroxaban, apixaban, and edoxaban) pathways have a large therapeutic potential, a fixed dosing 
regimen, and few interactions with food or drugs. In addition, regular monitoring of international normalized ratio (INR) 
levels is not essential.1 NOACs have fewer side effects than warfarin; they exert different effects and do not require 
a dosage adjustment or monitoring.4
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Rivaroxaban (RIV) is a NOAC that exhibits a coagulation effect by directly inhibiting coagulation factor Xa.5 It 
reduces the risk of DVT, PE, stroke, and systemic embolism in patients with nonvalvular atrial fibrillation. In addition, it 
is used to prevent VTE in adult patients who have undergone major orthopedic surgery of the lower extremities. The RIV 
dose is 10–20 mg once a day. RIV is a biopharmaceutics classification system class (BCS) II drug with low solubility 
(Approximately 5–7 μg/mL) and high permeability,6,7 and its bioavailability decreases by up to 66% when administered 
at high doses to an empty stomach.8–10 Therefore, RIV is administered with meals to ensure its bioavailability. Several 
studies have been conducted to improve the solubility of RIV and increase its fasting bioavailability. Research on self- 
nanoemulsifying drug delivery systems,11 solid dispersions,12 and sustained-release nanoparticles for RIV have been 
conducted.13 These studies showed that fasting bioavailability could be increased by improving the solubility of RIV.

There are various methods to improve solubility. Typically, the drug particle size reduction strategy is the most 
traditional method to improve the bioavailability of poorly soluble drugs to increase the solubility of substances without 
changing their chemical properties.14,15 Solid dispersions have long-term stability to maintain an amorphous form 
because the crystallization of the drug is inhibited by the polymer, aiding supersaturation.16–18 Using a self- 
microemulsifying drug delivery system, it is possible to solubilize poorly soluble drugs that are very stable and have 
high solubility by forming microdroplets.19–23 The hydroxypropyl-beta-cyclodextrin (CD) was used in this study. The CD 
is a cyclic oligosaccharide with a hydrophilic surface and a hydrophobic cavity in which D-(+) glucopyranose units form 
α-(1,4) glucosidic bonds. The hydrophobic region of the substrate was inserted into this hydrophobic cavity to form an 
inclusion complex, improving the solubility of poorly soluble drugs. In addition, drug-CD complexes can improve 
membrane permeability, stability, and taste.24–27

Previous studies on the RIV-CD complex had limitations in that solubility was increased, but the dissolution rate was 
not secured.28 Therefore, we intended to apply the drug-CD-polymer triple complex to RIV. The drug-CD-polymer triple 
complex can increase drug solubility compared to when cyclodextrin or water-soluble polymer is used separately. This 
can result from a synergistic effect between each component.29,30 In an aqueous solution, the water-soluble polymer helps 
the wettability of the particles, increasing the dissolution rate.31 In addition, the water-soluble polymer can reduce the 
mobility of CD and increase the solubility of the complex by changing the hydration properties of CD by stabilizing the 
aggregate in the aqueous solution.32–35

RIV, which is more convenient dose than other NOACs, does not affect meals when taking 10 mg doses. However, it 
must be administered with meals when taking 15 or 20 mg doses; this is due to reduced bioavailability resulting from low 
solubility. This study aimed to ensure the convenience of administration and reproducibility of efficacy, regardless of the 
meal, by improving the solubility of RIV. In this study, an RIV-CD-polymer triple complex (R-C-P complex) was used to 
improve the solubility of RIV. The R-C-P complex formulation was optimized by the design of experiments (DoEs).

Materials and Methods
Materials
RIV was a gift from the EOS Med CHEM Co., Ltd. (Jinan, China). CD was provided by Ashland, Inc. (Hydroxypropyl-beta- 
cyclodextrin, CAVASOL, Wilmington, DE, USA). Croscarmellose sodium was purchased from Roquette (Lesterem, 
Singapore). Microcrystalline cellulose was obtained from DuPont Nutrition (Newark, DE, USA). Hypromellose (HPMC) 
2208 was purchased from Shin-Etsu (Tokyo, Japan). Lactose monohydrate was obtained from Meggle. (Wasserburg Inn, 
Germany). Povidone K 30 (PVP) was purchased from JRS Pharma (Polanco, Spain). Soluplus was supplied by BASF 
(Ludwigshafen, Germany). Magnesium stearate was purchased from FACI Asia Pacific Pte. Ltd. (Jurong Island, Singapore). 
A commercial product (Xarelto® tablet, 20 mg) was purchased from Bayer Korea, Ltd. (Seoul, Korea). Distilled water (DW) 
was purified by filtration in the laboratory. High-performance liquid chromatography (HPLC)-grade acetonitrile (ACN) and 
ethanol (EtOH) were used for the analysis. All other reagents were of reagent grade and used without further purification.

Preparation of the RIV-CD-Polymer Triple Complex (R-C-P Complex)
The R-C-P complex was prepared as follows. RIV was weighed and dissolved in 400 mL of acetone. The CD and the 
water-soluble polymer were weighed and completely dissolved in 200 mL of 50% (v/v) EtOH/DW solution (Table 1). 
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The two solutions were then mixed and stirred for 30 min. The solution was evaporated using a rotary evaporator 
(N-N series; EYELA, Tokyo, Japan) to prepare the complex. The temperature was maintained at 65 °C, and the rotation 
speed was 50 rpm. The dry powder of the R-C-P complex was ground and passed through a sieve (#60 sieve, 250 μm) to 
remove any aggregates.

Screening of Water-Soluble Polymers
The R-C-P complex formulation for screening of water-soluble polymer was prepared using the same method as 
described above. The solubility of the R-C-P complex formulation with different polymers was evaluated as follows. 
The solubility evaluation standard was 80 μg/mL, the level at which 20 mg of RIV (the highest dose) can be dissolved in 
250 mL of water, which is the solubility standard of BCS classification. Five milliliters of DW was placed in a 15 mL 
conical tube. The R-C-P complex with a 20 mg dose of RIV was added to the conical tube and mixed using a vortex 
mixer for 5 min. The conical tube was agitated for 72 h at 25 °C and 120 rpm in a shaking incubator (SI-600R, JEIO 
TECH, Daejeon, Korea). The suspension in the conical tube was centrifuged at 9425 ×g (10,000 rpm) for 5 min using 
a centrifuge (739R, Labogene, Seoul, KOREA), and the supernatant was collected using a 0.45 μm PVDF syringe filter 
(Whatman). The filtrate was diluted within the range of the calibration curve using a diluent (ACN:water = 80:20) and 
quantitatively analyzed using HPLC.

The release profile of the R-C-P complex with 20 mg of RIV was determined using the dissolution methods database 
of RIV in the US Food and Drug Administration (FDA) with minor modifications. In the original dissolution method of 
RIV in the FDA database, 0.4% sodium dodecyl sulfate (SDS) was added when a 20 mg dose of RIV was evaluated. 
However, in this study, SDS was excluded from the dissolution media to confirm its effect on improving solubility in the 
R-C-P complex. Therefore, the dissolution method we used was as follows: USP dissolution test apparatus II was used 
with a paddle speed of 75 rpm (Vision 8 elite, Hanson Co. Ltd., Los Angeles, CA, USA). The dissolution media used 
were 900 mL of acetate buffer solution (pH 4.5) or 0.1 N HCl (pH 1.2) at 37 °C. The pH 4.5 medium was derived from 
the dissolution method of RIV provided by the FDA, and the pH 1.2 medium was used to represent the fasting state. 
Samples (3 mL each) were collected from each dissolution vessel and filtered through a 0.45 μm PVDF syringe filter 
(Whatman, GE Healthcare, Chicago, IL, USA). An HPLC system (Agilent 1100 series, Agilent, Santa Clara, CA, USA) 
was used to identify and analyze RIV quantitatively. The column used was Kromasil 100-5-C (250 mm × 4.6 mm, 5 μm, 
Kromasil, Göteborg, Sweden). The mobile phase consisted of 550 mL of acetonitrile and 450 mL of DW in a 1000 mL 
volumetric flask, filtered through a 0.2 μm nylon membrane filter (Millipore, Billerica, MA, USA) and further degassed 
before use. The mobile phase was pumped through the column at a 1.2 mL/min flow rate. The column temperature was 
set to 40 °C, and the detection wavelength was 249 nm. The HPLC method was validated for selectivity, sensitivity, 
linearity, accuracy, precision, and recovery following the FDA industry guidelines.

The phase solubility test for RIV was performed as previously described.33,36 CD so-lutions of 0, 2, 5, 7, 10, 15, and 
20% (w/v) were prepared using 0.5% (w/v) Soluplus or HPMC 2208 solution. Excess RIV was added to each solution 
and mixed using a vortex mixer for 5 min. The conical tube was agitated, centrifuged, and analyzed using the 
abovementioned method. The phase solubility profile was presented by plotting the molarity of dissolved RIV (mmol/ 
L) against the molarity of CD (mmol/L). Further, the results were evaluated in terms of complexation constant and 

Table 1 Composition of R-C-P Complex with Different 
Water-Soluble Polymers

Composition (Mg/Dose) S-1 S-2 S-3 S-4

Rivaroxaban 20 20 20 20

Hydroxypropyl-beta-cyclodextrin 128 128 128 128

Soluplus® 26 0 0 0
Povidone K30 0 26 0 0

Hypromellose 2208 0 0 26 0

Note: (Amount per Dose, Unit: Mg).
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efficiency. The solubilization capacity of CD is mainly evaluated by the complex formation equilibrium constant “K” 
value. However, in poorly soluble drugs with a solubility of 1 mg/mL or less, there is a large error due to the inaccuracy 
of the initial concentration (S0) of the equation.37 Therefore, we compared the complexation efficiencies (CE), 
representing the ratio of complexed CD to free CD (Equation 1).

Full Factorial Design and Response Optimization of the R-C-P Complex
A 23 full factorial design was built for 12 different R-C-P complex formulations, containing two repetitions at the central 
point. Each independent variable was investigated at two levels (Table 2). The Minitab 19 software (Minitab Inc., 
Philadelphia, PA, USA) was used for the experimental design and statistical evaluation. The three independent variables 
were the amount of CD (X1, Low (−1): 64.7 mg as 1 equivalent with RIV; High (1): 194.1 mg as 3 equivalents with 
RIV), the amount of water-soluble polymer (X2, Low (−1): 10 mg; High (1): 40 mg), and the type of water-soluble 
polymer (X3, Low (−1): Soluplus; High (1): HPMC 2208). Solubility (Y1), amount released at 45 min in pH 4.5, 
dissolution media (Y2), and the amount released at 45 min in pH 1.2 dissolution media (Y3) were taken as DoE 
responses. When setting the models, a stepwise elimination criterion (α = 0.05) was used to eliminate the variables that 
were not significant for a given response. After the models were set, the response optimizer in Minitab was used to 
determine the optimal formulation, depending on the desired characteristics of the R-C-P complex. The goals were set to 
the minimum amount of the R-C-P complex/dose, maximum Y1, maximum Y2, and maximum Y3.

The R-C-P complex formulations were prepared using the same methods as in Preparation of the RIV-CD-Polymer 
Triple Complex (R-C-P Complex). In addition, the water solubility and in vitro dissolution profile of the R-C-P complex 
formulation was obtained using the same method as in Screening of Water-Soluble Polymers.

Evaluation of an Optimal R-C-P Complex Formulation
The optimal R-C-P complex formulation was prepared using the composition obtained through response optimization. 
The preparation method is the same as in Preparation of the RIV-CD-Polymer Triple Complex (R-C-P Complex). In 
addition, the water solubility and in vitro dissolution profile of the optimal R-C-P complex formulation was obtained 
using the same method as in Screening of Water-Soluble Polymers.

X-ray diffraction (XRD) patterns of the RIV raw material, excipients, physical mixture, and R-C-P complex were 
analyzed using an EMPYREAN (Malvern Panalytical, Worcester-shire, UK) with Cu Kα radiation (wavelength of 1.54) 

Table 2 Variables, Levels of Variables, and Composition of the R-C-P Complex in Each Experiment Designed Using 23 Full Factorial 
Design

Standard Order Run Order Code Composition of R-C-P Complex (Mg/Dose)

X1 X2 X3 RIV CD Polymer

1 R1 −1 −1 −1 20 64.7 10
2 R3 1 −1 −1 20 194.1 10

3 R2 1 1 −1 20 64.7 40

4 R5 −1 1 −1 20 194.1 40
5 R11 1 −1 1 20 64.7 10

6 R12 −1 −1 1 20 194.1 10

7 R4 1 1 1 20 64.7 40
8 R8 −1 1 1 20 194.1 40

9 R9 0 0 −1 20 129.4 25

10 R10 0 0 1 20 129.4 25
11 R7 0 0 −1 20 129.4 25

12 R6 0 0 1 20 129.4 25
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generated at 30 mA and 40 kV. The samples were then placed on a silicon plate at room temperature. The 2 theta scans 
were conducted between 2° and 50° with a step size of 0.0001°/2 theta.

Infrared spectroscopy was performed using a Fourier-transform infrared (FT-IR) spec-trophotometer (Frontier, Perkin 
Elmer, Waltham, MA, USA) with the potassium bromide technique and deuterated triglycine sulfate (DTGS) detector. 
For each spectrum, 16 transient spectra were collected over 400–4000 cm−1 for the RIV raw material, excipients, and 
R-C-P complex.

The thermal properties of the RIV raw material, excipients, and R-C-P complex were analyzed using a DSC Q2000 
thermal analyzer system (TA Instruments, New Castle, DE, USA). The samples were accurately weighed, loaded into an 
aluminum pan, and analyzed at a heating rate of 20 °C/min over a temperature range of 50–300 °C. The thermal response 
of the prepared sample was calculated using the TA Advantage/Universal Analysis software (v5.2.6, TA Instruments, 
New Castle, DE, USA).

Results
Screening of Water-Soluble Polymers
The water solubility of R-C-P complex formulations prepared using different water-soluble polymers was evaluated for 
polymer screening (Figure 1). We aimed to dissolve 20 mg or more of RIV in 250 mL of DW according to the criteria of 
the BCS class. The R-C-P complex was prepared using Soluplus and HPMC 2208 as S-1 and S-3 formulations, 
respectively, which met these criteria. The solubility of S-1 and S-3 was 189.87 ± 1.24 and 168.32 ± 1.72 μg/mL, 
respectively, and the solubility was increased by 5.5- and 4.9-folds, respectively, compared to the formulation consisting 
of RIV and CD. In contrast, the solubility of S-2, an R-C-P complex formulation using PVP K30, did not increase. These 
results suggested that Soluplus and HPMC 2208 work synergistically with CD in solubilizing RIV. Although many 
previous studies have confirmed the advantage of increasing the CD complexing efficiency by adding a hydrophilic 
polymer, the exact mechanism of this phenomenon remains unclear. Since different polymers have opposite effects in 
different drug-CD systems, their effects on CD complexing should be interpreted on a case-by-case basis.32,38 Therefore, 
specific interactions between RIV and polymers are important for explaining this phenomenon. The hydrophilic polymer 
used in our study induced micellar solubilization of drugs; however, this effect was not remarkable because only free 
drug molecules can form complexes with CD. It is of particular importance that these polymers stabilize CD and/or RIV- 
CD complex’s self-assembled structure and further enhance CD’s solubilization potential.39,40

For polymer selection, dissolution tests of R-C-P complex formulations using different polymers were performed 
(Figure 2). The dissolution test conditions for RIV listed in the FDA require that sodium lauryl sulfate (SLS) be added to 
the dissolution medium to secure the sink condition when a high-dose RIV tablet is tested. We proceeded in the absence 

Figure 1 RIV solubility in the R-C-P complex with different polymers.
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of SLS to confirm the solubilizing effect of the R-C-P complex. The dissolution results of the medium using acetate 
buffer pH 4.5 simulating post-meal pH (Figure 2A) and HCl buffer pH 1.2 simulating pre-meal pH (Figure 2B) were the 
highest in the S-3 formulation using HPMC 2208. In addition, the dissolution rate of S-1 was significantly higher than 
that of S-4. Further, S-3 prepared using PVP showed a dissolution pattern similar to that of S-4. As shown in Figure 1, 
only approximately 20% of RIV was released from S-2 and S-4 at 45 min in the dissolution test because the solubilizing 
effect of RIV was low. However, drug release from S-1 and S-3 reached approximately 55% and 85% at 45 min, 
respectively, regardless of pH. Although S-1 had a higher solubility than S-3, S-3 exhibited a 1.5-times greater 
dissolution rate than S-1. In the case of S-1, the dissolution rate continued to rise, and if more time was given, it was 
thought to reach 100%. Solubilization is known to occur by binding of CD and RIV. Therefore, the S-1 formulation, 
which has superior solubilization effect than that of S-3, is estimated to have stronger CD and RIV binding, so the 
dissolution rate of S-1 is slower than that of S-3. Therefore, we proceeded using Soluplus and HPMC 2208 to confirm the 
synergy of the solubilization effect of CD and the polymer using a phase solubility test.

Consequently, in the phase solubility test, the solubility of the R-C-P complex was higher in the solution containing 
Soluplus. In the phase solubility test, as the concentration of CD increased, a pattern close to a second-order curve was 
observed (Figure 3A). This is due to the solubilization effect in addition to CD inclusion, such as non-complex formation 
and micelle formation, as the ratio of CD increases.41 Therefore, to calculate the exact CE, the slope was calculated in the 
section where CD formed a straight line at a low concentration (Figure 3B). S0 obtained using HPLC analysis was 0.014, 
0.051, and 0.021 mM of RIV in CD-only, 0.5% Soluplus, and 0.5% HPMC 2208 solutions, respectively. The slope 
calculated from the solubility plot of RIV obtained with CD was 0.0041, 0.0033, and 0.0028 for 0.5% Soluplus, 0.5% 
HPMC, and CD-alone solutions. The solubilization effect of CD further increased when the polymer was present. In 
poorly soluble drugs with a solubility of 1 mg/mL or less, a large error appears due to the inaccuracy of S0; therefore, the 
CE value representing the ratio of complexed CD to free CD is more reliable.37 The CE of the solution containing CD 
alone, 0.5% Soluplus, and 0.5% HPMC 2208 was 0.0028, 0.0038, and 0.0033, respectively. The CE value was also 
clearly higher in the polymer-added solution than in the CD solution, implying that the RIV solubilizing effect of CD 
further increased synergistically on adding the polymer. However, in the previous screening test (Figures 1 and 2), the 
solubilization effect and the dissolution rate were not directly proportional; therefore, Soluplus and HPMC 2208 were 
used as variables when studying the formulation of the R-C-P complex using DoE.

Figure 2 The release profile of the R-C-P complex with different polymers in (A) pH 4.5 medium and (B) pH 1.2 medium (mean ± standard deviation, n = 3).
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Full Factorial Design and Response Optimization of the R-C-P Complex
The preparation and evaluation of the R-C-P complex were performed according to the DoE run order. The values of the 
responses for each DoE experiment are listed in Table 3. When factor regression analysis was performed using the 
Minitab software, the effect was beyond the standard point of the significance level of the Pareto chart shown in Figure 4. 
As a value affecting the solubility of RIV (Y1, Figure 4A), the variables satisfying P-value ≤ 0.05 were B (Amount of 
polymer), A (Amount of CD), and C (Type of polymer). Other interaction effects were not significant. Because the 
coefficients of A, B, and C were positive, the solubility of RIV increased as the amounts of CD and polymer increased, 
especially in the case of HPMC 2208. Unlike previous phase solubility test results, higher solubility was obtained for the 
R-C-P complex with HPMC 2208. This is because, unlike the phase solubility test, the amount of polymer and CD were 
limited in the DoE study. In addition, in the DoE study, an R-C-P complex was manufactured, and RIV, CD, and polymer 
were physically combined. However, there was a difference in the phase solubility study because the RIV, CD, and 
polymer were separately dissolved and mixed. Figure 4B and C show the effect of each variable on the dissolution rate at 
45 min in pH 4.5 and 1.2 medium. The pH of 4.5 represents the pH after meals, whereas the pH of 1.2 represents the pH 

Figure 3 Phase solubility profile with RIV, CD, and different polymers. Total CD concentration range: (A) 0–160 mM. (B) 0–8 mM (mean ± standard deviation, n = 3).

Table 3 Response of the R-C-P Complex in Each Experiment Designed 
Using 23 Full Factorial Design

Standard Order Run Order Response

Y1 (μg/mL) Y2 (%) Y3 (%)

1 R1 40.19 ± 0.1 39.9 ± 0.3 42.7 ± 3.1
2 R3 80.17 ± 0.7 31.1 ± 0.7 31.2 ± 0.2

3 R2 117.35 ± 0.8 67.1 ± 6.6 62.5 ± 1.4

4 R5 183.05 ± 1.7 87.3 ± 1.2 87.2 ± 0.9
5 R11 85.15 ± 1.3 80.0 ± 1.8 74.2 ± 1.7

6 R12 199.04 ± 1.6 95.3 ± 1.4 90.2 ± 3.6

7 R4 99.98 ± 0.4 94.3 ± 1.3 84.3 ± 3.1
8 R8 263.21 ± 2.0 98.0 ± 3.0 94.6 ± 1.8

9 R9 147.30 ± 1.2 70.0 ± 1.3 64.4 ± 0.6

10 R10 227.14 ± 1.1 94.9 ± 0.7 86.7 ± 1.4
11 R7 134.97 ± 0.8 76.3 ± 1.2 71.7 ± 0.7

12 R6 146.13 ± 0.2 102.9 ± 1.1 90.2 ± 3.6

Abbreviations: Y1, solubility of RIV; Y2, dissolution rate at 45 min in pH 4.5 medium; Y3, 
dissolution rate at 45 min in pH 1.2 medium.
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before meals. Significant results were obtained for the variables C (type of polymer), B (amount of polymer), and BC 
(interaction effect between B and C) in both media. These results imply that the R-C-P complex using HPMC 2208 
improved the solubility of RIV, and the dissolution rate was also high, regardless of whether a meal was taken. In 
addition, it was confirmed that the type and amount of polymer had a significant synergistic effect in BC. Neither 
A (amount of CD) nor any other interaction effects were significant. The same result as the dissolution test in the 
screening step was obtained. To be precise, the higher the polymer, the higher the dissolution rate, especially when using 
HPMC 2208.

Evaluation of the Optimal R-C-P Complex
After removing insignificant variables from the Pareto chart, a more accurate regression equation was obtained by 
reducing the model using the pooling process. The higher the responses (Y1, Y2, and Y3), the smaller the amount of dose 
and the more efficient the prescription. Therefore, we set the standard and attempted to obtain the optimal 
R-C-P complex formulation using the response optimization tool of Minitab. The solubility of RIV in the R-C-P complex 
(Y1) was set to 80 μg/mL or more based on the BCS class, and the dissolution rate at 45 min in pH 4.5 and 1.2 media was 
set to 85% or more. Among the compositions satisfying these conditions, the formulation with the smallest total amount 
of a single dose was obtained using Minitab. As a result, similar to the standard orders 10 and 12 formulations, CD 
129.4 mg and HPMC 2208 25 mg were selected as the optimal R-C-P complex formulations. Therefore, we prepared an 
optimal R-C-P complex formulation according to the above composition and performed the physicochemical evaluation 
and dissolution tests.

Figure 5A shows the DSC thermogram. In raw RIV, a melting point of approximately 230 °C was found, and in raw 
HPMC 2208 and raw CD, only a broadened water peak at approximately 100 °C was found. In the optimal 

Figure 4 Pareto charts with the standardized effect of each variable. (A) RIV solubility of the R-C-P complex (Y1). (B) Dissolution rate of the R-C-P complex at 45 min in 
pH 4.5 medium (Y2). (C) Dissolution rate of the R-C-P complex at 45 min in pH 1.2 medium (Y3).

Figure 5 Physicochemical properties of the optimal R-C-P complex. (A) DSC thermograms of the raw materials and optimal R-C-P Complex. (B) XRD patterns of the raw 
materials, physical mixture, and optimal R-C-P complex. (C) FT-IR spectra of the raw materials and optimal R-C-P complex.
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R-C-P complex, the peak of raw RIV was not found, and a water peak around 100 °C was mainly found. However, 
a small endothermic event was observed at approximately 190 °C. This small peak is the glass transition temperature of 
RIV in the amorphous state.42 Similarly, amorphous features of RIV were observed (Figure 5B). Raw RIV exhibited high 
and sharp peaks, whereas only hollow peaks were observed for HPMC 2208 and CD. In particular, peaks of RIV in the 
physical mixture of the same composition as optimal R-C-P complex were found around 2 theta values of 14.5° to 26.5°, 
but no sharp peaks were found in optimal R-C-P complex. However, broad hills at 12.9° and 21.6°, which did not exist in 
raw RIV, were observed. Some RIV may partially retain crystals, similar to the 2 theta value of the polymorph form F in 
reference.43 However, because the intensity is very low and broad, there is a high possibility that very few particles are 
retained as crystals. Figure 5C shows the FTIR spectra. Most of the optimal R-C-P complexes showed a pattern very 
similar to that of HPMC 2208 or CD, and it seemed to have a C=O stretch peak of raw RIV at 1726 cm−1. Through 
physicochemical property evaluation, it was confirmed that most of the amorphous RIV were present in the optimal 
R-C-P complex, and it was confirmed that solubilization could occur due to this.

Finally, the dissolution pattern of the optimal R-C-P complex was determined (Figure 6). The dissolution test was 
carried out in two media, pH 4.5, representing the pH after meals, and pH 1.2, representing fasting, as described above. 
In addition, comparative dissolution was performed using 20 mg of Xarelto, a commercial product, to confirm the RIV 
solubilization effect of the optimal R-C-P complex. At both pH 4.5 and 1.2, Xarelto showed a dissolution rate of 
approximately 40%, but the optimal R-C-P complex completed drug release in approximately 45 min. The commercial 
product was finally released at 40%, whereas the optimal R-C-P complex was dissolved up to 100%. These results 
showed that the solubilization effect of the optimal R-C-P complex was sufficient. In addition, it can be expected that 
even if 20 mg of RIV is administered, it is not necessary to administer the optimal R-C-P complex formulation with 
meals, unlike commercial products. These results will not only improve patient convenience but also ensure consistency 
in the therapeutic effect of RIV.

Conclusion
In this study, a triple combination of RIV-CD-polymer was applied to secure a formulation capable of administering 
high-dose RIV regardless of whether the patient was eating. After selecting the polymer by screening for the solubiliza-
tion effect of the water-soluble polymer, the effect of each factor was evaluated using the phase solubility test and DoE, 
and the optimal R-C-P complex formulation was derived. Unlike commercial products, the optimal R-C-P complex 
formulation had sufficient solubility to reach 100% release quickly and was not affected by pH. These results suggest that 
limiting the dose of 20 mg RIV after meals is unnecessary; hence, so the patient’s dosing convenience can be improved.

Figure 6 The release profile of the optimal R-C-P complex and commercial product in (A) pH 4.5 medium and (B) pH 1.2 medium (mean ± standard deviation, n = 3).
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