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1 INTRODUCTION 

1.1 Challenges in generic drug development 

By definition, a generic medicine is a medicine that is developed to be the same 

as a medicine that has already been authorised. Its authorisation is based on efficacy and 

safety data from studies on the authorised medicine. A company can only market a generic 

medicine once the 10-year exclusivity period for the original medicine has expired (1). 

Generic pharmaceuticals can be divided into three subgroups: biosimilar, 

simple/commodity generics and super/value-added generics. 

The annual report of the Food and Drug Administration’s (FDA’s) Office of 

Generic Drugs estimated that 91% of all prescriptions in the USA was filled as generic 

drugs in 2022. The approval of generics allows millions of patients to access the therapy 

they need more easily and reduces the risk of drug shortages by stabilizing the supply 

chains (2). According to “The Business Research Company”, the current size of the global 

generic pharmaceuticals market is $358.5 billion in 2023 and is expected to grow to 

$453.2 billion in 2027 at a compound annual growth rate of 6.0%. The rising incidence 

of chronic diseases is one of the major drivers of the generic pharmaceutical market (3).  

Competition with other generic manufacturers enables lower profit margin, thus 

cost and time efficiency of the development process is of key importance. In 2007, FDA 

released a document “Critical Path Opportunities for Generic Drugs” that identified some 

of the specific challenges in the development of generic drugs. According to the FDA, 

developing formulations that do not pass the bioequivalence study is a major risk, which 

results in repetition of formulation development. These failures are sometimes linked to 

the insufficiency of dissolution or lack of in vitro – in vivo correlation (IVIVC) to evaluate 

proposed formulations and processes during development. To accelerate the development 

and approval process, the FDA highlighted the importance of improving scientific 

understanding of the formulation by applying quality by design approach and improving 

the efficiency of current methods for assessment of bioequivalence (BE) (4).  

Due to the emerging trends in combinatorial chemistry and high throughput 

screening, the properties of new chemical entities (NCEs) shifted towards higher 

molecular weight and increasing lipophilicity (5) (6). As a result, about 40% of drugs 

with market approval and nearly 90% of molecules in the discovery pipeline are poorly 
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water-soluble (7). In case of immediate-release generic drugs, the risk of 

bioinequivalence is significantly higher if the formulation contains a poorly soluble API. 

In a recent study Krajcar et al. performed a retrospective analysis of 198 Sandoz 

sponsored BE studies and found that 23% of poorly soluble drugs were non-BE compared 

to 0.1% of highly soluble drugs (8). A similar conclusion was reached by Ramirez et al., 

who investigated the correlation between the Biopharmaceutical Classification System 

(BCS) classes and the probability of positive BE outcome by evaluating 124 BE studies. 

BCS Class 2 (poorly soluble, highly permeable) drugs had the worst success rate with 

50% bioinequivalence outcome (9). Cristofoletti et al. compared 500 randomly selected 

studies from the database of the Brazilian Health Surveillance Agency (ANVISA) and 

found that the relative risk of obtaining a non-BE result was approximately 4 times higher 

for drugs in BCS Class 2 compared with highly soluble Class 1 and 3 drugs (10). With 

the number of poorly soluble drug candidates, the importance of applying predictive in 

vitro analytical methods is also increasing.  

In the competitive environment of generic pharmaceutical industry, the 

development of value-added medicines (VAMs) may represent an opportunity to succeed. 

VAMs are based on known molecules and are further developed to address healthcare 

needs and deliver relevant improvement for patients, healthcare professionals and/or 

payers (11). By the reformulation of drugs, better route of delivery, better tolerability 

and/or better safety properties can be achieved (12). At the same time, influencing the 

pharmacokinetic properties of an existing drug product in the desired way with 

formulation techniques is a challenge for scientists in the field. 

1.2 Bioequivalence studies 

In applications for generic medicinal products the concept of bioequivalence is 

fundamental. The purpose of establishing bioequivalence is to demonstrate equivalence 

in biopharmaceutics quality between the generic medicinal product and a reference 

medicinal product in order to allow bridging of preclinical tests and of clinical trials 

associated with the reference medicinal product. In bioequivalence studies, the plasma 

concentration vs time curve is generally used to assess the rate and extent of absorption. 

Selected pharmacokinetic parameters and preset acceptance limits allow the final decision 

on bioequivalence of the tested products. AUC, the area under the concentration vs time 
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curve, reflects the extent of exposure. Cmax, the maximum plasma concentration or peak 

exposure, and the time to maximum plasma concentration, tmax, are parameters that are 

influenced by absorption rate. The test conditions should be standardised in order to 

minimise the variability of all factors involved except that of the products being tested. 

Therefore, it is recommended to standardise diet, fluid intake and exercise. According to 

the European Medicines Agency’s (EMA’s) guideline, in general, a BE study should be 

conducted under fasting conditions, as this is considered to be the most sensitive condition 

to detect a potential difference between formulations (13). In order to prove 

bioequivalence, performing a study in fasted state is prescribed by the FDA as well (14). 

In general, subjects are fasting for 8 h prior to administration, then test and reference 

products are administered with a standardized amount of water (at least 150 mL). No food 

intake is allowed for at least 4 h post-dose. For products where the Summary of Product 

Characteristics (SmPC) recommends intake of the reference medicinal product only in 

fed state, the bioequivalence study should generally be conducted under fed conditions. 

If no specific recommendation is given in the originator SmPC, the meal should be a high-

fat (approximately 50 percent of total caloric content of the meal) and high-calorie 

(approximately 800 to 1000 kcal) meal. As prescribed by the EMA, the sampling schedule 

of a bioequivalence study should include frequent sampling around the predicted tmax to 

provide a reliable estimation of peak exposure (13). 

1.3 Characteristics of the GI system 

Modelling the absorption of an oral formulation requires first an understanding of 

the interaction between the drug and the surrounding physiological environment. 

Consequently, the appropriate characterization of the medium compositions, volumes, pH 

conditions and the residence times in each relevant part of the gastrointestinal system is 

essential. 

1.3.1 pH values in the GI system 

A large percentage of drug substances contain one or more functional group(s) 

that are ionisable in the physiological range. The change in the ionization state affects the 

solubility of the molecules, and therefore also their absorption.  The evaluation of the 

gastrointestinal pH conditions using radiotelemetry capsules (RTC) dates back to the late 

1980s. Evans et al. used a pH sensitive RTC passing freely through the gastrointestinal 
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tract and recorded the signals with a portable solid-state receiver and recording system to 

measure the pH in 66 volunteers. The gastric pH was highly acidic (1.0-2.5) in all 

subjects, while the mean pHs in the proximal small intestine and terminal ileum were 6.6 

(±0.5) and 7.5 (±0.4) respectively. After leaving the ileocaecal junction the pH fell 

sharply to a mean of 6.4 (±0.4), which then rose to a final mean value of 7.0 (±0.7) in the 

colon (15). Similarly, the pH of the gut lumen was investigated in 39 healthy subjects by 

Fallingborg et al. to provide a better basis for prediction of the release of pH-dependent 

sustained-release oral formulations. The results correlated well with the values reported 

by Evans et al: The pH rose from 6.4 in the duodenum to 7.3 in the distal small intestine, 

then it was 5.7 in the caecum and rose to 6.6 in the rectum (16). Ibekwe et al. studied the 

correlations between in situ gastrointestinal pH, transit time or feed status and the 

disintegration of Eudragit S coated tablets designed to dissolve above pH 7. Eight healthy 

subjects were tested in a three-way crossover study under fasted, pre-feed and fed 

conditions. In case of fasted and pre-feed administration, the tablets were co-administered 

with pH monitoring Bravo® capsule to measure the pH throughout the gastrointestinal 

tract of man. The observed mean pHs of the fasted arm of the study were 1.4 (±0.4) in the 

stomach, 6.5 (±0.3) in the proximal small bowel, 6.8 (±0.3) in the mid small bowel, 7.2 

(±0.4) in the distal small bowel and 6.5 (±0.8) in the ascending colon (17). In 2013, van 

der Schaar et al. published the first human study of the IntelliCap®, an electronic drug 

delivery and monitoring device. The system includes an electronic capsule comprising 

drug reservoir, a pH and temperature sensor, a microprocessor and transceiver, a stepper 

motor, and batteries. The device was developed for targeted delivery of substances by 

expelling the content of the drug reservoir to well-defined areas of the GI tract. To 

determine the location of the capsule, temperature and pH data are monitored real-time 

(18). The use of IntelliCap® enabled a precise characterization of the physiological 

conditions in fasted state BE studies (19). Based on similar principle, Schneider et al. 

compared the pH conditions of fasted and fed state and also gained valuable information 

of the pressure activity within the GI tract using the SmartPill® device (20). 

1.3.2 Transition times of drugs in the GI system 

Physiologically, the gastric emptying is related to the migrating motor complex 

(MMC) of the stomach, which is a ~2 h long cycle that consists of four phases. Phase I is 

a period of motor quiescence lasting 40–60% of the cycle. Phase II, accounting for 20–
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30% of the cycle, exhibits irregular phasic contractions. Phase III is a 5- to 10 min period 

of luminally occlusive, rhythmic contractions occurring at the slow-wave frequency. 

Phase IV is a transitional period of irregular contractions between phase III and phase I 

(21). Non-disintegrating solid dosage forms administered in the fasted state are mainly 

emptied during the intense contractions of phase III, also known as the ‘housekeeper 

wave’ (22) (23). The transition through the small intestine is governed by the activity of 

the smooth muscle, the contractions (or pressure waves) of which are determined by 

intrinsic myogenic activity, intrinsic and extrinsic nervous control and hormonal action 

(24). 

Traditionally, the GI transition times were studied using gamma scintigraphy 

technique. In this method, the administered formulations were labelled with gamma 

emitting radionuclides (e.g., technetium-99m or indium-111), so that their transit through 

the GI tract could be followed by the detection of radiation (25) (26) (27) (28) (29). Davies 

et al. brought together data from 201 investigations in human subjects (representing 23 

studies on solutions, 82 on pellets and 96 on single units) and studied the gastric emptying 

and transit in the small intestine. They found that the gastric emptying of different 

physical forms varied according to the feeding conditions. Solutions and small pellets  

(<2 mm) emptied rapidly (<1 h) and were less affected by food intake. Single units also 

often emptied rapidly in the fasted state, however even a light breakfast had a significant 

delaying effect, which was greater when heavy breakfast was administered. On the other 

hand, the small intestinal transit time (~3-4 h) was independent from the physical form. 

Surprisingly, the difference between the mean intestinal transit times of fasted and fed 

subjects was not statistically significant (30). Nowadays, the advance of radiotelemetry 

capsules provides a suitable alternative for the GI transition investigation as well. Gastric 

emptying and transition through the small intestine can be inferred indirectly through pH 

monitoring: as the RTC passes the pylorus and leaves the strongly acidic fasted stomach 

(pH 1.0-2.5), the pH rises sharply by at least 3 pH units. Similarly, the passage through 

the ileocaecal valve is indicated by a rapid drop of >0.8 pH units at least 1h after the 

pylorus to pH ≤6.5. The results of a study conducted by Maurer et al. showed that the 

gastric residence time varied between 0:15 and 3:14 h with a median of 1:30 h, while the 

median of the small bowel transit time (SBTT) was 4:01 h (31). Koziolek et al. reached 

a similar result by testing 20 healthy subjects under fasting bioequivalence conditions 
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with the Intellicap® system. The gastric emptying time was observed after 0:07-3:22 h 

(median: 0:30 h), and the median SBTT was 4:07 h (19). 

1.3.3 GI liquid volumes 

If the active substance of an orally administered drug has low aqueous solubility, 

the liquid volume of GI has major effect on absorption. Provided the formulation does 

not contribute to a dissolution-limited condition and permeability is rapid, any impact on 

solubility factors directly influences the fraction absorbed. Using GastroPlus, Sutton 

performed simulations of the mean plasma concentrations of four solubility-limited 

compounds. In his models he applied different literature small- and large intestinal water 

volumes (SIWV and LIWV). He found that the most accurate predictions compared to 

observed plasma concentrations in the fasted state were reached, when the SIWV 

averaged about 130 mL and the average LIWV was about 10 mL (32). Mudie et al. 

conducted a clinical study on 12 volunteers to quantify the total volume and distribution 

of liquid in the stomach and small intestine under conditions representing fasting BA/BE 

studies. The subjects after an overnight fast ingested a glass of water (240 mL), then they 

underwent upper and lower abdominal magnetic resonance imaging (MRI) scans at 

intervals for 2 h. According to the results, the initial fluid volume in the fasted stomach 

was 35 ± 7 mL, which rose to 242 ± 9 mL after liquid intake, then declined rapidly with 

a half emptying time of 13 ± 1 min and returned back to the baseline 45 min after the 

drink. Initially, the fasted small intestine contained 43 ± 14 mL fluid and reached a 

maximum volume of 94 ± 24 mL 12 min after water intake (33). The results also 

confirmed the presence of small intestinal fluid in small pockets (~6 mL), which 

phenomenon was first suggested by Schiller et al. (34). Based on the cited studies, for the 

development of physiologically relevant methods, it is likely to reduce the volume of the 

dissolution medium compared to pharmacopoeial methods. 

1.3.4 Composition of GI fluids 

In addition to food and beverages, various fluids are secreted by the GI tract, 

including hydrochloric acid, bicarbonate, enzymes, surfactants, electrolytes, mucus and 

water. As a result, the composition of GI fluids surrounding the drug varies widely with 

position in the GI tract and with timing of administration in relation to meal intake. 

The gastric fluid is basically a hydrochloric acid solution, however it contains 

several other components as well. The primary enzyme in gastric juice is pepsin, which, 
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as one of the main digestive enzymes, is responsible for breaking down proteins into 

smaller peptides. It is secreted by the stomach as an inactive precursor, pepsinogen. The 

basal output is reported to be ~0.8 mg/mL (35), which is diluted by about tenfold at the 

time of drug administration with the ingestion of a glass of water (200-250 mL). 

According to the measurements in eight subjects by Efentakis and Dressman, the surface 

tension of the gastric fluid is 35-45 mN/m (36), which is significantly lower than that of 

water and suggests that surfactants are present in this region as well. Rhodes et al. 

investigated the bile salt levels in the stomach by radiolabelling technique and found an 

average concentration of 80 µM total bile salts in fasted conditions, as a result of reflux 

through the pylorus (37). 

After emptying from the stomach, the acidic fluid entering the small intestine is 

neutralized with bicarbonate ions secreted by the pancreas. The emerging buffer capacity 

plays an important role in determining the microclimate pH of drug substances (38). The 

secretion of bile results in substantial concentrations of bile salts and lecithin, which form 

mixed micelles even in fasted state. Fasting bile salt concentrations in the proximal small 

intestine are reported to be 3-5 mM (39) (40) (41) (42). The average concentration values 

are similar in the duodenum and jejunum and falling rapidly in the ileum thanks to the 

absorption by an active transport mechanism. In response to meal ingestion, lipase, 

amylase and protease enzymes are secreted into the small intestine responsible for the 

bulk of nutrient digestion (43). 

1.4 Rate limiting factors of GI absorption 

1.4.1 Immediate-release dosage forms 

When focusing on immediate-release formulations, the Biopharmaceutics 

Classification System (BCS) is widely accepted today in the academic, industrial and 

regulatory world (44). The BCS is a scientific framework for classifying a drug substance 

based on its aqueous solubility and intestinal permeability. When combined with the in 

vitro dissolution characteristics of the drug product, the BCS considers three major 

factors: solubility, dissolution rate and intestinal permeability, all of which govern the 

rate and extent of oral absorption from IR solid oral-dosage forms (45). According to the 

system, drug substances are classified into four groups, summarized in Figure 1.  
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Figure 1. Classification of drug substances according to the BCS system. 

A drug substance is classified as highly soluble if the highest single therapeutic 

dose is completely soluble in 250 ml or less of aqueous media over the pH range of 1.2–

6.8 at 37±1°C. The assessment of permeability should preferentially be based on the 

extent of absorption derived from human pharmacokinetic studies, e.g., absolute 

bioavailability or mass balance. High permeability can be concluded when the absolute 

bioavailability is ≥85%. High permeability can also be concluded if ≥85% of the 

administered dose is recovered in urine as unchanged (parent drug), or as the sum of 

parent drug, Phase 1 oxidative and Phase 2 conjugative metabolites. Permeability can be 

also assessed by validated and standardized in vitro methods using Caco-2 cells (46).  

Class I drugs are typically well-absorbed and the rate limiting step to drug 

absorption is drug dissolution or gastric emptying if dissolution is very rapid. Thus, 

correlation between absorption and dissolution rate is expected if dissolution is slower 

than gastric emptying rate. Class II is the class of drugs for which drug dissolution in vivo 

is the rate controlling step in drug absorption. Dissolution media and methods that reflect 

the in vivo controlling process are particularly important in this case if good in vitro – in 

vivo correlations are to be obtained. For Class III drugs, permeability is the rate 

controlling step in drug absorption. In this case, limited or no IVIVC  is expected. Class 

IV drugs present significant problems for oral drug delivery. To decide whether IVIV 

correlation is expected or not, a case-by-case evaluation may be necessary (47). 
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BCS Class II and IV drug product dissolution in vivo and in vitro is highly 

dependent on the acidic or basic nature of the drug, the drug solubility and formulation 

factors, in addition to the in vivo luminal environment. To support the development of in 

vivo predictive dissolution methodology, Tsume et al. proposed a sub-classification of 

the BCS with a, b and c subclasses dependent on the acidic (a), basic (b), or neutral (c) 

characteristics of the drug in the physiological pH range (~pH <7.5). BCS Class IIa drugs 

are typically carboxylic acids with a pKa in the range of 4 to 5, are insoluble at typical, 

gastric pHs but soluble at intestinal pHs. Alternatively, BCS Class IIb weak bases exhibit 

high solubility and (likely) dissolution rates at acidic pH in the stomach and may 

precipitate (in a very complex poorly understood manner) in the small intestine. The 

intestinal precipitation of a Class IIb drug depends on numerous formulation and GI 

physiological factors (luminal composition) and environment at the time of dosing. While 

BCS Class II weak acids and bases demonstrate complimentary solubility profiles due to 

the pH variation of the GI tract, the solubility of BCS Class IIc drugs would not be 

affected by the in vivo pH change. However, for BCS Class IIc drug products, the in 

vivo environment e.g., surfactants and lipids, play a significant, but difficultly predictable 

role in drug dissolution (48). 

1.4.2 Modified-release dosage forms 

Modified-release (MR) drugs, by definition, are formulated to alter the timing 

and/or the rate of release of the drug substance. In this way, the formulation properties of 

the drug product strongly influence the in vivo absorption (49). An MR dosage form that 

allows at least twofold reduction in dosage frequency as compared to that drug presented 

as an IR dosage form is called an extended-release (ER) product. Examples of extended-

release dosage forms include controlled-release, sustained-release, and long-acting drug 

products. Due to their prolonged, formulation-controlled dissolution, these dosage forms 

are the most likely to show good correlation between the in vitro dissolution and in vivo 

absorption. Manufacturers are also encouraged by the FDA to develop IVIVCs for ER 

products in the expectation that the information will permit certain formulation and 

manufacturing changes without an in vivo BE study (50) (51). In this case, several 

published studies highlight the importance of modelling the mechanical stress resulting 

from gastrointestinal contractions in order to simulate the degradation of the formulation 

(e.g.: hydrophilic matrix tablets) and to achieve good predictability (52) (53) (54).  
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Enteric-coated (EC) formulations are designed to delay the release of the drug 

substance until it is emptied from the stomach, in order to protect it from the highly acidic 

gastric fluid. In general, enteric coatings are weakly acidic polymers that are insoluble at 

gastric pH but ionize and dissolve under intestinal conditions (55). Thereafter, the site of 

drug release is affected by several factors, such as the structure of the employed film 

former, the thickness of the applied film, and the nature and quantities of the additives 

used together with it (56). Although the in vivo dissolution of these products is highly 

formulation dependent, in this case the lack of predictive in vitro dissolution method is 

particularly common (55). 

1.5 Pharmacopoeial dissolution 

The in vitro dissolution testing is an important tool for characterizing the 

biopharmaceutical properties of a drug product at different stages throughout its life cycle. 

Compliance with the dissolution requirements ensures that the finished drug product is 

consistent with the release rates of the active pharmaceutical ingredient (API) as 

determined in bioavailability studies during the clinical trials (57). The results obtained 

need to be independent of the testing laboratory, therefore, reproducible methods and 

standardized equipment are to be used. The generally used apparatus types are specified 

in USP chapter <711> (58), which is harmonized with the corresponding texts of the 

European Pharmacopoeia (Ph. Eur.) (59) and the Japanese Pharmacopoeia (60). 

1.5.1 Dissolution Apparatus 

Apparatus I (Basket Apparatus) consists of the following: a vessel, which is 

typically made of glass; a motor; a metallic drive shaft; and a cylindrical basket. The 

vessel has a nominal capacity of 1 L and is partially immersed in a suitable water bath 

which holds the temperature inside the vessel at 37 ± 0.5 °C. A speed-regulating device 

is used that allows the shaft rotation speed to be selected and maintained at the specified 

rate ±4 %. The dosage unit is placed in a dry basket at the beginning of each test.  

Apparatus II (Paddle Apparatus) is identical to the assembly from Apparatus I, except 

that a paddle formed from a blade and a shaft is used as the stirring element. Apparatus 

III (Reciprocating cylinder) consists of a set of cylindrical, flat-bottomed glass vessels; a 

set of glass reciprocating cylinders; and a motor and drive assembly to reciprocate the 

cylinders vertically inside the vessels and, if desired, index the reciprocating cylinders 
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horizontally to a different row of vessels. The vessels are partially immersed in a suitable 

water bath of any convenient size that permits holding the temperature at 37 ± 0.5 °C. 

Apparatus IV (Flow-Through Cell) consists of a reservoir and a pump for the dissolution 

medium; a flow-through cell; and a water bath that maintains the dissolution medium at 

37 ± 0.5 °C. The pump forces the dissolution medium upwards through the flow-through 

cell. The pump has a delivery range between 240 and 960 mL/h with standard flow rates 

of 4, 8, and 16 mL per minute. The flow-through cell is mounted vertically with a filter 

system that prevents escape of undissolved particles from the top of the cell. The USP 

Apparatus I-IV. are shown on Figure 2 (58). 

 

Figure 2. Dissolution Apparatus I-IV. according to USP chapter <711> (58). 

Among the listed equipment, Apparatus I and II are the most common in the 

pharmaceutical industry, especially in the case of immediate-release formulations. Due 

to its design, Apparatus III is limited to non-disintegrating dosage forms. The device may 

be useful when it is desirable to study the effect of changing medium composition through 

the GI system. Moreover, the reciprocating motion models the mechanical stress resulting 

from gastrointestinal contractions relatively well, so that, for example, the degradation of 

hydrophilic matrix tablets can be simulated. Apparatus IV provides an environment in 

which the drug product is always surrounded by fresh dissolution medium by means of 

continuous flow. Thus, it is suitable for testing formulations whose absorption is 

dissolution rate controlled (typically ER formulations or occasionally IR formulations 

containing BCS Class II API). Similar to Apparatus III, in Apparatus IV the effect of pH 

change through the GI tracts can be simulated effectively. 
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The Chinese Pharmacopoeia describes a small volume paddle apparatus (CSV). 

In this case, the vessel is cylindrical with a hemispherical bottom, and a nominal capacity 

of 250 mL (internal diameter 62 ± 3 mm, height 126 ± 6 mm). The CSV better reflects 

the gastric liquid volume after the intake of drug product with a glass of water. This may 

play an important role when studying poorly soluble compounds (61). 

1.5.2 Dissolution media 

In general, an aqueous dissolution medium is used. The composition of the 

medium is chosen on the basis of the physico-chemical characteristics of the active 

substance(s) and excipient(s) within the range of conditions to which the dosage form is 

likely to be exposed after its administration. This applies in particular to the pH and ionic 

strength of the dissolution medium. The pH of the dissolution medium is usually set 

between pH 1 and pH 8. For the lower pH values in the acidic range, 0.1 M hydrochloric 

acid is normally used. The Ph. Eur. recommended dissolution media are listed in Table 1 

(62).  

Table 1. Ph. Eur. recommended dissolution media (62). 

pH Dissolution media 

pH 1.0 HCl 

pH 1.2 NaCl, HCl 

pH 1.5 NaCl, HCl 

pH 4.5 Phosphate or acetate buffer 

pH 5.5 and 5.8 Phosphate or acetate buffer 

pH 6.8 Phosphate buffer 

pH 7.2 and pH 7.5 Phosphate buffer 

For the testing of formulations containing poorly soluble active substances, 

modification of the medium may be necessary. In such circumstances, a low 

concentration of surfactant is recommended. The use of the basket and the paddle 

apparatus and the reciprocating cylinder apparatus is generally based on the principle of 

operating under sink conditions, i.e., in such a manner that the material already in solution 

does not exert a significant modifying effect on the rate of dissolution of the remainder. 
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Sink conditions normally occur in a volume of dissolution medium that is at least 3-10 

times the saturation volume (62). 

1.5.3 Acceptance criteria of quality control tests 

A given batch of an immediate-release dosage form meets the dissolution 

requirements, if the quantities of active ingredient dissolved from the dosage units tested 

conform to the three-stage acceptance criteria. The testing should be continued through 

the three stages unless the results conform at either S1 or S2. The quantity, Q, is the amount 

of dissolved active ingredient (specified in the individual monograph), expressed as a 

percentage of the labelled content of the dosage unit. The acceptance criteria for 

immediate-release dosage forms are summarized in Table 2 (58).  

Table 2. Acceptance criteria for immediate-release dosage forms (58). 

Stage Number 

tested 
Acceptance criteria 

S1 6 Each unit is not less than Q + 5%. 

S2 
6 

Average of 12 units (S1 + S2) is equal or greater than 

Q, and no unit is less than Q – 15 %. 

S3 

12 

Average of 24 units (S1 + S2 + S3) is equal to or 

greater than Q, and not more than 2 units are less than 

Q – 15 %, and no unit is less than Q – 25 %. 

Extended-release dosage forms must also meet three-stage acceptance criteria. 

Generally, three test-time points are defined, the value of the first two of which must be 

within a specified range and the value at the final test time must be not less than a specified 

amount. 

Delayed-release dosage forms are tested in a two-stage dissolution method,  

2 hours of acid stage in 0.1 M hydrochloric acid is followed by a buffer stage at pH 6.8 ± 

0.05 using phosphate buffer solution. In the acid stage the dissolution of the dosage form 

must not exceed 10 %, while in the buffer stage, three-stage acceptance criteria equivalent 

to the IR dosage forms must be met. The value of Q is 75 % dissolved unless otherwise 

specified in the individual monograph (58). 
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1.5.4 Comparative dissolution studies 

When applying BCS based biowaiver approach (46) or justifying dose 

proportionality (13) (or in some cases of post-approval changes) comparative in vitro 

dissolution tests should be conducted. The conditions to be employed to characterize the 

dissolution profile of the product are listed in Table 3 (46). 

Table 3. Conditions to be employed in comparative dissolution studies (46). 

Parameter Condition to be used 

Apparatus paddle or basket 

Volume of dissolution medium 900 mL or less 

Temperature of dissolution medium 37 ± 1 °C 

Agitation paddle – 50 rpm/ basket – 100 rpm  

Units of the dosage form to be tested at least 12 

Buffers pH 1.2, pH 4.5, and pH 6.8  

The comparison of dissolution profiles is generally made by estimation of the 

similarity factor (f2) using the following formula: 

f2 = 50 • log {[1 + (1/n) Σt=1
n (Rt - Tt) 

2] -0.5 • 100} (1) 

Where, ‘n’ is the number of time points, ‘Rt’ is the mean percent reference drug 

dissolved at time ‘t’ after initiation of the study and ‘Tt’ is the mean percent test drug 

dissolved at time ‘t’ after initiation of the study. 

Two dissolution profiles are considered similar when the f2 value is ≥50. When 

both test and reference products demonstrate that ≥85% of the labelled amount of the drug 

is dissolved in 15 minutes, comparison with an f2 test is unnecessary and the dissolution 

profiles are considered similar. The evaluation of f2 should be based on a minimum of 

three time points which are the same for the two products and not more than one mean 

value exceeds 85 % dissolved for either of the products (46). 

1.6 Biorelevant dissolution 

The appearance of the BCS and its implementation in the regulatory thinking 

highlighted the importance of dissolution in the regulation of post-approval changes and 
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introduced the possibility of substituting dissolution tests for clinical studies in some 

cases. As a result, the need for the development of such dissolution tests that better predict 

the in vivo performance has increased (43). From the early 2000s, intensive research 

began on the development of both physiologically relevant media and advanced 

dissolution systems. 

1.6.1 Biorelevant media 

In 2005, Vertzoni et al. proposed a dissolution medium for the simulation of 

fasting gastric environment. In their study, attention was paid to eliminate the 

shortcomings of the previously used gastric media, such as the absence or non-relevant 

concentration of physiological substances that may affect dissolution characteristics (e.g.: 

pepsin and bile salts) and the use of non-relevant substances (e.g.: artificial surfactants). 

The medium is a pH 1.6 hydrochloric acid solution containing 34.3 mM NaCl with a 

surface tension of 42.6 mN/m and an osmolality of ~120.7 mOsm/kg. To simulate the 

content of biomolecules in the gastric juice, the solution contains  

0.1 mg/mL pepsin, 80 µM sodium taurocholate and 20 µM lecithin.  Using the developed 

dissolution medium, the absorption of a lipophilic, weakly basic model compound was 

assessed and advanced predictability was demonstrated. The authors named the medium 

“Fasted State Simulated Gastric Fluid (FaSSGF)” and nowadays it is the generally 

accepted medium in the pharmaceutical industry for modelling fasting gastric conditions 

(63). Later, Jantratid et al proposed a composition for the “Fed State Simulated Gastric 

Fluid (FeSSGF)” as well, which consists of UHT-milk and an acetate buffer mixed in 

equal volumes. The pH of the mixture is 5.0 with a buffer capacity of 25 mM/L and an 

osmolality of 400 mOsm/kg (64). 

Fluids simulating conditions in the proximal small intestine in the fasted state 

(FaSSIF) and fed state (FeSSIF) were introduced by Galia et al. (65). The composition of 

the two media relies heavily on the pH values summarized by Dressman et al. (43) and 

the bile salt concentrations by Bakatselou et al. (66). Vertzoni et al. also took a big step 

towards the daily routine use of simulated intestinal fluids by the simplification of FaSSIF 

and FeSSIF media using pure sodium-taurocholate and egg phosphatidylcholine (67). 

However, the most widespread intestinal media (FaSSIF-V2 and FeSSIF-V2) were 

published by Jantratid et al. after fine-tuning the composition of existing biorelevant 
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media according to physiological conditions (64). The properties of FaSSIF-V2 and 

FeSSIF-V2 are summarized in Table 4.  

Table 4. Composition of the media simulating fasted and fed state small intestine. 

Composition/medium FaSSIF-V2 FeSSIF-V2 

Sodium taurocholate (mM) 3 10 

Lecithin (mM) 0.2 2 

Glyceryl monooleate (mM) - 5 

Sodium oleate (mM) - 0.8 

Maleic acid (mM) 19.12 55.02 

Sodium hydroxide (mM) 34.8 81.65 

Sodium chloride (mM) 68.62 125.5 

   

pH 6.5 5.8 

Osmolality (mOsm/kg) 180±10 390±10 

Buffer capacity (mmol/(L*ΔpH)) 10 25 

Nowadays, thanks to the appearance of instant powder mixtures containing the 

necessary components, the preparation of biorelevant media has become simple and 

robust. To support laboratory workers, an online media preparation tool is also available, 

which automatically calculates the recipe for the desired type and volume of dissolution 

medium (68). At the same time, the application of biorelevant media to predict the 

absorption of drugs has been integrated into the everyday practice of generic drug 

development. 

1.6.2 Dynamic multi-compartmental dissolution systems 

In order to achieve better predictivity, pharmaceutical scientists made great efforts 

to develop advanced in vitro biopharmaceutics models (69). An artificial stomach model 

was published by Vatier et al., in which the ‘gastric reservoir’ was supplemented with 

two elements simulating the secretory flux and gastric emptying. Both flows were driven 

by a peristaltic pump (70). Later, the artificial stomach was further developed by adding 

a ‘duodenal reservoir’ to receive the gastric emptying flux and simulated bicarbonate 

secretion. The two-compartmental system was named ‘artificial stomach duodenal 
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model’ (ASD) and supported the evaluation of the effect of antacids (71). The ASD has 

also been used to aid formulation development and crystal form selection (72) (73). To 

date, several more complex systems have been reported in the literature, such as TNO 

Gastro-Intestinal Model (TIM) (74), Dynamic Gastric Model (DGM) (75), and Human 

Gastric Simulator (HGS) (76). Based on the ASD system, Takeuchi et al. developed the 

Gastrointestinal Simulator (GIS), which is a three compartmental model consisting of a 

gastric, a duodenal, and a jejunal chamber connected by peristaltic pumps. The transfer 

rates (representing the gastric-emptying rate) were determined using propranolol and 

metoprolol model compounds by comparing the dissolution results with clinical data (77). 

The schematic diagram of the GIS system is shown in Figure 3. 

 

Figure 3. Gastrointestinal Simulator. 

The GIS was successfully applied in several studies to predict the in vivo 

performance of drugs, investigate the supersaturation phenomena, or evaluate the possible 

drug-drug interaction with acid-reducing agents (78) (79) (80) (81) (82). In order to 

achieve better IVIVC, some of the models are combined with in silico simulations. The 

published studies focused primarily on BCS Class IIb (and BCS Class IIc) compounds. 

Despite the promising results achieved with the GIS system, to the best of our knowledge, 

poorly soluble acidic drugs (BCS Class IIa) have not yet been studied. 
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1.6.3 In silico methods 

IVIVC is a predictive mathematical model describing the relationship between an 

in vitro property and a relevant in vivo response. The aim of developing and evaluating 

an IVIVC is to establish the dissolution test as a surrogate for human bioequivalence 

studies. In the case of ER products, in certain scale-up and post approval changes 

specified by the FDA’s SUPAC-MR guideline (51), an IVIVC may serve as a waiver of 

in vivo study. While in the case of IR dosage forms, the main objective of an IVIVC is to 

reduce the risk of BE studies via supporting the optimization of the drug formulation. The 

correlation has four levels from A to D. Level A correlation is generally linear and 

represents a point-to-point relationship between in vitro dissolution and the in vivo input 

rate (e.g., the in vivo dissolution of the drug from the dosage form). A model of this level 

should be able to predict the entire in vivo time course (e.g., plasma drug concentration 

or amount of drug absorbed) from the in vitro data. A Level B IVIVC compares the mean 

in vitro dissolution time either to the mean residence time or to the mean in vivo 

dissolution time. The model uses all the in vitro and in vivo data but is not considered to 

be a point-to-point correlation. A Level C model establishes a single point relationship 

between a dissolution parameter, for example, t50%, percent dissolved in 4 hours and a 

pharmacokinetic parameter (e.g., 50% AUC, Cmax, Tmax). A Level C correlation does not 

reflect the complete shape of the plasma concentration vs. time curve, which is the critical 

factor that defines the performance of ER products. A Level D (or multiple Level C) 

correlation relates one or several pharmacokinetic parameters of interest to the amount of 

drug dissolved at several time points of the dissolution profile.  

A Level A IVIVC is usually established by a two-stage procedure: in vivo 

absorption is estimated using an appropriate deconvolution technique (e.g., Wagner-

Nelson, Loo-Riegelman, numerical deconvolution) followed by the comparison of drug 

absorbed to the fraction of drug dissolved. In a linear correlation, the in vitro dissolution 

and in vivo input curves may be directly superimposable or may be made to be 

superimposable by the use of a scaling factor. Even though the deconvolution method is 

often applied for regulatory submission, the method is limited to linear pharmacokinetics 

(PK) regimen (50). 

Alternatively, the mechanistic deconvolution using the physiologically based 

pharmacokinetic (PBPK) modelling popularly known as physiologically based IVIVC 
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(PB-IVIVC) is nowadays extensively utilized for biopharmaceutics modelling (83) (84). 

Besides its applicability to the nonlinear PK, the PBPK model also considers the different 

factors governing the drug release and absorption such as particle size of the API, food 

effect, pH-dependent solubility profile, precipitation, gastric emptying time, drug 

degradation, drug solubilization in the presence of excess bile acids and permeation across 

the intestinal membranes (85) (86) (87) (88). 
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2 OBJECTIVES 

The purpose of my work was to develop advanced in vitro dissolution methods 

and mathematical models to support generic/value-added generic drug formulation 

development by a better prediction of in vivo bioavailability. 

• Development of an in vitro dissolution method for enteric-coated formulations 

using acetylsalicylic acid (ASA) model compound. 

- Determination of the pH conditions, residence times and fluid volumes 

of the fasted stomach and small intestine based on the collection of 

literature data. Experimental implementation of the determined pH 

profile and volume changes. 

- Investigation of the dissolution of enteric coated ASA formulations using 

the developed method. Comparison with USP dissolution method. 

- Analysis of the coating and the composition of the formulations. 

Evaluation of the relationship with in vitro and in vivo performance. 

• Investigation of multi-compartmental dissolution method for enhanced 

bioavailability immediate-release formulations containing BCS Class IIa drugs. 

- Measurement of the pH-dependent equilibrium solubility of ibuprofen in 

aqueous buffers and biorelevant media using the saturation shake-flask 

method. 

- Investigation of the dissolution of conventional and rapid-release 

ibuprofen formulations in the GIS. Comparison with the USP method. 

- Establishment of a Level A IVIVC model to simulate the absorption of 

the investigated formulations and to justify the predictivity of the GIS 

method. 

• Prediction of the effect of food on the absorption of Rivaroxaban 20 mg IR 

formulations. 

- Establishment of a Level A IVIVC model relying on a biorelevant  

USP IV dissolution method and published clinical data in fasted state. 

- Simulation of the plasma concentration vs. time in fed state, based on 

USP IV dissolution data in fed media. 

- Evaluation of the predicted food effect in relation to literature data. 
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3 METHODS 

3.1 Materials 

3.1.1 Biorelevant multi-stage pH shift dissolution study 

Six commercially available enteric-coated ASA-containing products were tested: 

Walgreens Aspirin 81 mg (LNK, USA), Aspirin Protect 100 mg (Bayer AG, Germany), 

Asatrin-Teva Protect 100 mg (Teva Pharmaceutical Industries Zrt., Hungary), ASA Krka 

100 mg (KRKA, Slovenia), Asactal 100 mg (Actavis Group PTCehf., Iceland) and ASA 

Protect Pharmavit 100 mg (PharmaSwiss Ceska Republika, Czech Republic). Walgreens 

Aspirin was purchased in the USA, while other products were purchased from pharmacies 

in Hungary. All formulations were white coloured, round, cylindrical biconvex tablets 

with slight differences in the sizes: the height and the diameter of the formulations varied 

between 3 and 4 mm and 6.5–8 mm.  

3.1.2 Multi-compartmental dissolution study 

Four commercially available immediate release ibuprofen-containing products 

were investigated: Advil 200 mg coated tablets, Advil 256 mg film-coated tablets, Advil 

ULTRA 200 mg soft-gelatine capsules (Pfizer Consumer Healthcare, Madison, NJ, USA) 

and Dolowill RAPID 342 mg film-coated tablets (Goodwill Pharma, Szeged, Hungary). 

Advil 256 mg film-coated tablets were purchased in the USA, others three formulations 

were bought in Hungarian pharmacies. Ibuprofen drug substance was purchased from 

Sigma–Aldrich (Burlington, VT, USA). All chemicals used were of analytical grade.  

3.2 Methods 

3.2.1 Equilibrium solubility determination of ibuprofen 

The standardized saturation shake–flask method was used to determine the 

equilibrium solubility of the API (89) (90). The measurements were carried out at 37 ± 

0.1 °C. Because of its simplicity UV spectroscopy was used for concentration 

measurement. In each medium, the solubility experiments were performed in triplicate. 

The pH dependence of solubility was determined in Britton-Robinson (BR) buffers in the 

pH range 2–8 (pH = 2.0; 4.0; 6.0; 7.0; 8.0) and in 1 M NaOH (pH = 14). The equilibrium 

solubility was also investigated in biorelevant media modelling gastric and small 

intestinal fluid in a fasted and fed state with and without solubilizing agents (pepsin or 
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lecithin and bile acid salts). The tested biorelevant media were Blank FaSSGF, FaSSGF, 

Blank FaSSIF, FaSSIF, FeSSGF-acetate (without milk), Blank FeSSIF, and FeSSIF. The 

solutions were prepared according to the media preparation tool of biorelevant.com (68). 

3.2.2 Dissolution testing 

The dissolution tests were carried out using an Agilent 708 DS dissolution 

apparatus (Agilent Technologies, Inc., Santa Clara, CA, USA). The media were 

thermostated at 37 ± 0.5 C. Each formulation in each method was tested on six parallel 

samples. 

3.2.2.1 Dissolution of ASA formulations using USP method (91) 

The samples were first placed into USP I baskets and stirred at 100 rpm in  

1000 mL of 0.1 M HCl solution for 120 min, then the medium was replaced by 900 mL 

of pH 6.8 ± 0.5 phosphate buffer and the test was continued for an additional 60 min at 

constant stirring rate. The buffer solution was prepared by mixing 0.1 M HCl with  

0.2 M tribasic sodium phosphate (3:1). In case it was necessary, the pH was adjusted with 

2M hydrochloric acid or 2 M sodium hydroxide. Samples at each sampling time point 

were taken into HPLC vials via autosampling. The sampling cannulas were equipped with 

10 μm PVDF, full-flow filter tips (Agilent Technologies, Inc., Santa Clara, California, 

USA). The applied sampling schedule is shown in Table 5. 

Table 5. Sampling time points of USP method for ASA formulations. 

Medium Sampling time (min) 

0.1 M HCl 60, 120 

pH 6.8 phosphate buffer 5, 15, 30, 45, 60 

3.2.2.2 Dissolution of ibuprofen formulations using USP method (92) 

The tests were performed in a USP II (paddle) apparatus. The dissolution medium 

was pH 7.2 ± 0.5 phosphate buffer solution prepared by dissolving 6.89 g NaH2PO4·H2O 

in 1 L distilled water, and the pH was adjusted with 3 M NaOH solution. The samples 

were placed into a 900 mL medium and stirred at 50 rpm. Samples at 5, 15, 30, 45, and 

60 min were taken into HPLC vials via autosampling. The volume of each sample was 

~1.2 mL. The sampling cannulas were equipped with 10 µm PVDF full-flow filter tips 

(Agilent Technologies, Inc., Santa Clara, CA, USA). 
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3.2.2.3 Dissolution of ASA formulations using biorelevant multi-stage pH shift method 

The dissolution apparatus was equipped with 250 mL small volume vessels and 

rotating paddles according to the Chinese Pharmacopoeia (61). The media were stirred at 

50 rpm. The initial dissolution medium was 160 mL of 0.01 M HCl solution, which was 

modified in three steps through the addition of different amounts of Na2HPO4 buffer in 

order to simulate the conditions of the stomach and different parts of the small intestine. 

The addition of the buffer solution was performed using Cole Parmer 74,900 infusion 

pumps (Cole Parmer, Vernon Hills, Illinois, USA), the pH of the media was measured by 

an Inolab-type pH meter (WTW GmbH, Weilheim, Germany). Due to the highly variable 

in vivo residence times in the stomach, two variants of the method simulating rapid gastric 

emptying (RGE) and slow gastric emptying (SGE) were applied. The two variants 

differed only in the length of the acidic treatment (20 and 120 min, respectively). Samples 

at each time point were taken manually using equivalent filtration to that of the USP 

method. The volume of the samples was 1 mL in all cases. Table 6 shows the sampling 

schedule of the biorelevant methods.  

Table 6. Sampling time points of biorelevant methods. 

Method Sampling time (min) 

RGE 20, 30, 60, 70, 80, 90, 100, 110, 120, 135, 150, 160, 175, 190, 205 

SGE 120, 130, 160, 170, 180, 190, 200, 210, 220, 235, 250, 260, 275, 290, 305 

Onset of the dissolution was determined by 5% of dissolved drug substance. The 

f2 statistic was calculated based on the EMA guideline on the Investigation of 

Bioequivalence (13). 

3.2.2.4 Dissolution of ibuprofen formulations using multi-compartmental GIS method 

The GIS was implemented in a dissolution apparatus equipped with 250 mL small 

volume vessels, according to the Chinese Pharmacopoeia (61). The system consisted of 

three main compartments (250 mL vessels) modelling the stomach, duodenum, and 

jejunum. The vessels were connected to each other by Gilson Minipuls 3-type peristaltic 

pumps (Gilson Inc., Middleton, WI, USA). At the beginning of the test, 50 mL pH 1.6 

gastric fluid and 250 mL water were poured into the stomach, 50 mL pH 6.5 intestinal 

fluid into the duodenum, and the jejunal chamber was left empty. Two additional vessels 
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were used to model the inner fluid secretion into the stomach (pH 1.6 gastric fluid) and 

the duodenum (pH 6.5 intestinal fluid concentrate), both the stomach and duodenum had 

a flow rate of 1 mL/min. The biorelevant dissolution media were prepared, and the tests 

were conducted with and without biomolecules (pepsin, SIF powder). The composition 

of the applied buffer solutions is summarized in Table 7. 

Table 7. Preparation of 1 L buffer solutions for GIS dissolution. 

 Blank Biorelevant Media Biorelevant Media 

 Blank 

FaSSGF 

Blank 

FaSSIF 

Blank 

FaSSIF 

conc. 

Full 

FaSSGF 

Full 

FaSSIF 

Full 

FaSSIF 

conc. 

NaCl 2.00 g 6.19 g 40.24 g 2.00 g 6.19 g 40.24 g 

NaOH - 0.40 g 2.60 g - 0.40 g 2.60 g 

NaH2PO4. 

H2O 

- 3.96 g 25.74 g - 3.96 g 25.74 g 

SIF powder - - - 0.06 g 2.25 g 14.63 g 

Pepsin - - - 0.10 g - - 

pH 

adjustment 

cc. HCl:purified 

water = 1:1 

1M 

NaOH 

- cc. HCl:purified 

water = 1:1 

1M 

NaOH 

- 

The tested formulation was dropped into the gastric chamber, and the media were 

stirred at 50 rpm using rotating paddles. The applied flow rates were 5.5 mL/min from 

the gastric to the duodenal and 6.5 mL/min from the duodenal to the jejunal chamber, as 

suggested by Takeuchi et al. (77). Samples from the compartments were taken manually 

every 5 min during the 45-min duration of the tests. The duration was limited by the initial 

fluid volume and the gastric emptying rate. Each sample was filtered through Acrodisc® 

syringe filters (d = 13mm) with 0.45 µm GHP membrane (Pall Co., Port Washington, 

NY, USA). The volume of each sample was ~0.5 mL  

3.2.3 Determination of dissolved ASA content by High Performance Liquid 

Chromatography (HPLC) 

Waters Acquity UPLC device (Waters, Milford, Massachusetts, USA) was used 

to determine the amount of dissolved drug in the solutions. For this purpose, YMC-Pack 
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Pro C18 RS S-5 μm, 8 nm 150 × 4.6 mm I.D type HPLC column was used. The mobile 

phase was ACN:H2O:cc.H3PO4 = 400:600:1 and the flow rate was 1.0 mL/min. The mode 

of separation was isocratic. External calibration was applied by five consecutive 

injections of the standard solution containing the concentration of API corresponding to 

the approximated concentration of 100% dissolution. The calibration was controlled by 

the injection of the standard control solution containing the same nominal concentration, 

then followed by the injection of the sample solutions. The absorbance was detected at 

237 nm. For standard preparations, accurate measurements were achieved using a Mettler 

Toledo XP26 microanalytical balance (Mettler Toledo, Columbus, Ohio, USA). The 

sample concentrations in mg/L were calculated using the dilution of the standard solution 

and the sample solution and the peak areas of the sample solutions. The chromatographic 

conditions for each test preparation were the same as well as the column used for the 

measurement. 

3.2.4 Determination of dissolved ibuprofen content by Ultra High Performance Liquid 

Chromatography (UPLC) 

Waters Acquity type UPLC device (Waters, Milford, Massachusetts, USA) with 

Waters Acquity BEH C18 1.7 µm (2.1 x 50 mm) type UPLC column was equipped to 

measure the amount of dissolved drug in the solutions. Isocratic separation was applied 

with ACN:H2O:cc.H3PO4 = 450:550:1 mobile phase and 0.7 mL/min flow rate. External 

calibration was prepared by five consecutive injections of standard solution containing 

the concentration of API corresponding to the approximated concentration of 100 % 

dissolution. The calibration was controlled by the injection of control standard solution 

containing the same nominal concentration, then followed by the injection of the sample 

solutions. The detection wavelength was 214 nm. The solid standards were weighed using 

a Mettler Toledo XP 26 microanalytical balance (Mettler Toledo, Columbus, Ohio, USA). 

The sample concentrations in mg/L were calculated using the dilution factor of the 

standard and the sample solutions and the peak areas of the sample solutions. The 

chromatographic conditions for each test preparation were the same as well as the column 

used for the measurement.  

3.2.5 Examination of enteric coating by scanning electron microscopy (SEM) 

Before the test, the samples were fixed with double-sided carbon glue to copper 

stumps, then gilded with a JEOL 1200 type device (JEOL, Akishima, Tokyo, Japan). 
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Images were taken from the samples in tablet form using a JEOL JSM- 6380LA scanning 

electron microscope (JEOL, Akishima, Tokyo, Japan) applying 15 kV accelerating 

voltage and 10 mm sample distance under high vacuum. 

3.2.6 IVIVC model for ibuprofen formulations 

A Level A IVIVC model was developed using the IVIVC Toolkit 8.3. of Phoenix 

Win-Nonlin 8.3.4.295 for Windows (Certara, St. Louis, MO, USA). In vivo data were 

obtained by digitizing the mean plasma concentration profiles of four different ibuprofen 

formulations from a fasted state crossover pharmacokinetic study published by Legg et 

al. (93). The administered formulations were identical to that of Table 6, except for IBU-

Lys. In the case of IBU-Lys, Nurofen Express 342 mg caplets (Reckitt Benckiser, Slough, 

Berkshire, UK) were administered, the manufacturer of which differed from the 

formulation used in the in vitro studies. However, the salt form of the active ingredient 

was the same. A two-compartmental PK model (model 14 of PK tab) was then fitted to 

the in vivo data of each formulation. The gained parameters of Advil 200 mg tablets were 

implemented to the unit impulse response (UIR) function, and the fitted plasma 

concentration curve was deconvolved, resulting in the calculated fraction absorbed 

profile. The cumulative dissolution data of the duodenal and jejunal compartments of the 

GIS measured in blank biorelevant media were fitted with the Weibull equation.  

The in vitro fraction dissolved, and in vivo fraction absorbed of Advil 200 mg 

tablets were correlated using the Levy plot. Based on the calculated correlation and UIR 

function, the plasma concentration profile of each formulation was simulated from the 

fitted dissolution profiles. Finally, the plasma concentrations predicted from the model 

and the observed data were compared. 

3.2.7 IVIVC model for rivaroxaban formulations 

The IVIVC was established to predict the PK profile after oral administration of 

formulation in the fed state using IVIVC Toolkit 8.0 of Phoenix WinNonlin 8.2.0.4383 

for Windows (Certara, St. Louis, MO, USA). The IVIVC model was developed and 

internally validated using the in vitro dissolution and in vivo profile of 20 mg strength of 

Xarelto IR tablet in fasted conditions. The in vitro profiles were obtained by dissolving 

the formulation in fasted and fed biorelevant media using USP IV flow-through cell 

apparatus. In case of the in vivo data, results published in the literature were used (94) 

(95). 
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IVIVC was based on a two-step deconvolution method. Initially, the Weibull 

function was fitted to the in vitro data. Thereafter, the UIR function was calculated using 

the in vivo data of the 10 mg oral solution published by Kubitza et al (94) (95). The fasted 

in vivo data of Xarelto 20 mg IR tablet were then deconvolved and a correlation was built 

between the in vitro drug release and in vivo drug absorption. As the final step, the internal 

validation of the IVIVC model was performed by comparing the predicted and observed 

PK data of Xarelto 20 mg tablet in the fasted condition. 

Using the established IVIVC, the PK profile of the Xarelto 20 mg IR tablet in fed 

condition was predicted from the in vitro dissolution of the formulation in fed biorelevant 

media. At the end, the predicted PK profile and the observed (literature) data were 

compared. 
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4 RESULTS 

4.1 Dissolution method for delayed-release dosage forms (ASA model 

compound) 

The lack of in vitro dissolution methods that adequately predict the in vivo 

performance of delayed-release dosage forms is clear from the literature. The 

pharmacopoeial methods of such formulations focus on examining the resistance of the 

applied enteric-coating to gastric acid, and the immediate-release nature after emptying 

from the stomach. These methods are robust and simple to implement, however GI 

conditions are not properly modelled. The aim of our development was to provide an in 

vitro dissolution method that better reflects the physiological characteristics (especially 

pH, residence times and volumes) of the upper GI tract, thus expected to show better in 

vivo predictivity for delayed-release drug products.  

The performance of the new method was tested using enteric-coated 

acetylsalicylic acid (ASA) formulations as model drugs. The examined products, the 

inactive ingredients of the tablet cores and the applied coating materials are summarized 

in Table 8. 

Table 8. Dose and qualitative ingredients of the tested products.  

Product Dose 

(mg) 

Tablet core 
Coating 

Aspirin 

Protect 
100 Microcrystalline cellulose, corn starch 

Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate 80, 

sodium lauryl sulphate, triethyl citrate, talc 

Asatrin – 

Teva Protect 
100 

Microcrystalline cellulose, potato starch, silica colloidal 

anhydrous, lactose monohydrate 

Methacrylic acid− ethyl acrylate 1:1 copolymer,  

triacetin, talc 

ASA Krka 100 
Microcrystalline cellulose, potato starch, silica colloidal 

anhydrous, lactose monohydrate 

Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate80, 

sodium lauryl sulphate, triacetin, talc 

Asactal 100 
Microcrystalline cellulose, corn starch, silica colloidal 

anhydrous, stearic acid 

Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate 80, 

sodium lauryl sulphate, triethyl citrate, talc 

ASA Protect 

Pharmavit 
100 

Microcrystalline cellulose, potato starch, silica 

colloidal anhydrous, lactose monohydrate 

Methacrylic acid− ethyl acrylate 1:1 copolymer,  

triacetin, talc 

Walgreens 

Aspirin 
81 

Microcrystalline cellulose, corn starch, silica colloidal 

anhydrous, polydextrose, sodium bicarbonate 

Hypromellose, methacrylic acid, shellac wax, sodium lauryl 

sulphate, polyethylene glycol, simethicone, triacetin, triethyl citrate, 

talc, titanium dioxide 
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ASA is a nonsteroidal anti-inflammatory drug (NSAID) which is commonly used 

to reduce pain, fever or inflammation (96). It irreversibly inhibits platelet aggregation by 

inhibiting thromboxane A2 (TxA2) synthesis, therefore in 100 mg dose, it is 

recommended in single and dual antiplatelet therapy as well. In order to reduce the 

irritating effect on the gastric mucosa, ASA is usually prescribed as enteric-coated tablet. 

The difficulty of developing such type of generic drugs is well illustrated by the fact that 

among the five tested generic formulations only the manufacturer of ASA Krka and 

Asactal submitted BE study results to support the application for marketing authorization 

(97) (98). However, both failed to demonstrate bioequivalence. Other applicants, such as 

Teva, referred to the well-established clinical use and provided only an overview of 

literature references (99). 

4.1.1 Development of the biorelevant dissolution method 

The development of the new method was focused on modelling the 

gastrointestinal conditions in fasted state. The applied pH conditions and residence times 

were determined based on published experimental results of ingestible pH monitoring 

capsules (15) (16) (17) (19) (31) (20) (30) (100). According to the published data, the 

mean pH of the stomach was found to be around 2.0, which is resulted by the dilution of 

the initial gastric acid with the liquid intake following the administration of the drug 

product. The residence time in the stomach is reported to be typically between 20 and 120 

min with high variability. Since the time spent in the acidic medium may affect the 

physicochemical properties of the weakly acidic film formers, instead of specifying the 

average residence time, two versions of the method were tested. One with 20 min and one 

with 120 min acidic treatment, to model both rapid and slow gastric emptying (RGE and 

SGE). The pH conditions modelling the small intestinal tracts were set to pH 6.5 

(proximal phase), pH 6.8 (middle phase) and pH 7.2 (distal phase), respectively. The time 

spent at each pH was 30 min (proximal phase), 70 min (middle phase), and 45 min (distal 

phase), excluding the time of the pH changes. Initially, the gastric solution was 0.01 M 

HCl, while the appropriate pH changes were achieved by the addition of different 

amounts of Na2HPO4 solutions with different molarities. The molarities of the phosphate-

based buffer solutions were set based on the results of Al-Gousous et al., who elaborated 

a simplified alternative to unstable bicarbonate buffer systems (101). The volume of the 

dissolution media varied from 160 mL to 210 mL, which better suits the amount of fluid 
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in the stomach after the intake of drugs with a glass of water. Considering the amount of 

dissolution media, the dissolution apparatus was equipped with 250 mL small volume 

vessels and rotating paddles according to the Chinese Pharmacopoeia (61) and the media 

were stirred at 50 rpm. The applied conditions of the new method are summarized in 

Table 9. 

Table 9. Applied conditions of dissolution method with RGE and SGE. 

  
Method with 

RGE 
Method with 

SGE 

  Medium 
pH 

Residence time 
(min) 

Gastric phase 160 mL, 0.01M HCl solution 2.0 20 120 

pH change 1. 
Addition of 20 mL, 135 mM 

Na2HPO4 buffer 
 10 10 

Duodenal phase 180 mL, 15 mM phosphate buffer 6.5 30 30 

pH change 2. 
Addition of 10 mL, 

100 mM Na2HPO4 buffer 
 20 20 

Jejunal phase 190 mL, 19.5 mM phosphate buffer 6.8 70 70 

pH change 3. 
Addition of 20 mL, 

100 mM Na2HPO4 buffer 
 10 10 

Ileal phase 210 mL, 27.1 mM phosphate buffer 7.2 45 45 

According to the results of radiotelemetry capsules, the pH change between each 

tract is rather gradual than momentary (102). To model this phenomenon, the buffer 

solutions were administered using an infusion pump. The experimental pH vs. time profile 

of the developed method with rapid gastric emptying is shown in Figure 4. 

 

Figure 4. Experimental pH profile of biorelevant dissolution method with RGE. 
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4.1.2 Dissolution results obtained by USP method 

In order to evaluate the advantages of the developed method compared to the 

pharmacopoeial approach, the formulations were first dissolved according to the USP 

method described in the individual monograph of Aspirin delayed-release tablets (91).  

The dissolution results of the six selected ASA formulations are depicted on Figure 5. 

 

Figure 5. Dissolution results obtained by USP method. 

As evident from Figure 5, no dissolution was observed during the 2-h treatment 

in 0.1M HCl solution. After the replacement of the dissolution medium by pH 6.8 

phosphate buffer, each formulation started to dissolve immediately, and a measurable 

concentration of ASA was observed at the 5-min sampling point in all cases. The post-

acidic dissolution of all formulations except Asactal was rapid (≥85% for the mean 

percent dissolved in ≤30 min). Walgreens Aspirin and Asatrin Teva Protect even met the 

criterion of very rapid dissolution (≥85% for the mean percent dissolved in ≤15 min) in 

this medium (46). The dissolution rate of Asactal was significantly lower as its mean 

dissolution exceeded 85% only after 45 min residence in pH 6.8 buffer. However, the 

USP acceptance criteria (not more than 10% dissolved in the acidic stage, and the 

dissolution must exceed 75% in the buffer stage after 45 min) were met in all cases 

regardless of the formulation. 
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4.1.3 Dissolution results obtained by Biorelevant method with RGE 

After the USP dissolution, the performance of the formulations was tested using 

the new biorelevant method with rapid (20 min) gastric emptying. The resulting 

dissolution profiles are compared on Figure 6. 

 

Figure 6. Dissolution results obtained by biorelevant method with RGE. 

According to the results none of the products released the API in the gastric or 

proximal small intestinal phase (0–60 min). In case of Walgreens Aspirin, Asatrin-Teva 

Protect, ASA Krka and ASA Protect Pharmavit the mean onset of dissolution ranged from 

78.3 ± 4.1 to 80.0 ± 6.3 min, which belongs to the pH change between the proximal and 

middle small intestinal phase. The dissolution profiles of the latter formulations except 

Walgreens Aspirin were found to be similar to each other, as the calculated similarity 

factors (f2) were ≥ 50 (f2,Asatrin-Teva Protect vs. ASA Protect Pharmavit = 50; f2,ASA Krka vs. ASA Protect 

Pharmavit = 58). Aspirin Protect and Asactal started to dissolve at the pH of the middle small 

intestinal phase (pH 6.8; 80–150 min), however, the dissolution rate of Asactal is 

significantly slower compared to Aspirin Protect (f2 = 21). The dissolution of the products 

except Asactal is completed or almost completed in the 80–150-min interval, while 

Asactal releases its API mostly in the distal small intestine. 

4.1.4 Dissolution results obtained by Biorelevant method with SGE 

To investigate the possible effect of a longer acidic treatment on the post-gastric 

behaviour of enteric coatings, the new method with slow (120 min) gastric emptying was 

also tested. The comparative dissolution profiles are shown in Figure 7. 
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Figure 7. Dissolution results obtained by biorelevant method with SGE. 

Dissolution in the gastric and proximal small intestinal periods (from 0 to  

160 min on Figure 7) was not observed with this method either. The dissolution of the 

formulations except Asatrin Teva Protect and Walgreens Aspirin started at the pH 6.8 

period (180–250 min). In case of Asatrin Teva Protect and Walgreens Aspirin, a certain 

amount of API has already been released at the pH change between the proximal and 

middle small intestinal phases (160–180 min), however it was also less than in case of 

short gastric residence. Similar to the RGE method, Asatrin Teva Protect and ASA Protect 

Pharmavit dissolved faster, while Asactal dissolved more slowly than the reference 

Asprin Protect. On the other hand, as a result of longer acidic treatment the shape of 

Walgreens Aspirin dissolution profile changed to a greater extent and the onset of 

dissolution of ASA Krka was more shifted.  

4.1.5 Scanning electron microscopic images 

In order to characterize the structure and thickness of the coatings surrounding the 

tablet cores, the different tablets were examined using scanning electron microscopy. The 

microscopic images can be seen in Figure 8. 
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Figure 8. SEM pictures of enteric coated ASA formulations. 

The coatings were found to be evenly distributed around the cores in all cases. 

Comparing the structure of methacrylic acid-ethyl acrylate coated formulations and 

Walgreens Aspirin, it can be said that methacrylic acid-ethyl acrylate is more concise, 

especially in the case of Bayer Aspirin Protect. 

The measured thickness of the coatings is summarized in Table 10. 

Table 10. Thickness of the coating of ASA formulations. 

Formulation Thickness of the coating (µm) 

Walgreens Aspirin 26.0 – 40.2 

ASA Protect Pharmavit 52.6 – 60.0 

Bayer Aspirin Protect 58.1 – 69.1 

Asatrin Teva Protect 50.7 – 60.1 

ASA Krka 64.3 – 75.0 

Asactal Actavis 63.6 – 65.7 

Based on Table 10, the coating of Walgreens Aspirin was found to be thinner than 

methacrylic acid-ethyl acrylate coated formulations, the coating thicknesses of which can 

be considered similar to each other.  
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4.2 Multi-compartmental dissolution of immediate-release BCS IIa drugs 

(ibuprofen model compound)  

The aim of this study was to investigate the applicability of multi-compartmental 

dissolution methods to predict the in vivo performance of BCS Class IIa compounds. For 

this purpose, different conventional and rapid-dissolving ibuprofen 200 mg formulations 

were tested using the GIS system with biorelevant dissolution media. The investigated 

formulations and the forms of the active substances used in them are listed in Table 11. 

Table 11. Dosage form and active ingredients of the tested products. 

Product Manufacturer API Form Abbreviation 

Advil 200 mg 

coated tablets 

Pfizer Consumer Healthcare, 

Madison, NJ, USA 
ibuprofen free acid IBU 

Advil 256 mg 

film-coated tablets 

Pfizer Consumer Healthcare, 

Madison, NJ, USA 
ibuprofen sodium IBU-Na 

Dolowill RAPID 342 mg 

film-coated tablets 

Goodwill Pharma, 

Szeged, Hungary 
ibuprofen lysinate IBU-Lys 

Advil ULTRA 200 mg 

soft-gelatine capsules 

Pfizer Consumer Healthcare, 

Madison, NJ, USA 

ibuprofen 

in solution 
IBU-lq 

Ibuprofen is one of the most common analgesic/antipyretic agents. It is available 

in over-the-counter (OTC) strengths (100 mg and 200 mg) and prescription strengths (400 

mg, 600 mg and 800 mg) as well. In case of OTC dosing, adults and children, over 12 

years old are advised to take 1 to 2 tablets (i.e., 200 mg to 400 mg) by mouth every 4 to 

6 h while symptoms last (104). In addition to the conventional tablet form, ibuprofen is 

marketed as different rapid-dissolving formulations (e.g., soft-gelatin capsules and tablets 

containing sodium or lysinate salts of the API). The rapid onset of the analgesic effect as 

well as the higher absorption rate of rapid-dissolving formulations is discussed by several 

in vivo studies (105) (106) (107). 

4.2.1 Thermodynamic equilibrium solubility measurements 

As a basis for the better understanding of the dissolution mechanism, the pH-

dependent equilibrium solubility of the API as well as the equilibrium solubility in 

biorelevant media were determined using the saturation shake-flask method. 
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4.2.1.1 pH-dependent solubility 

The pH-dependent solubility (SpH) of ibuprofen was tested at 5 different pH values 

in the pH 2–8 range using BR buffer solutions. Additionally, the solubility of the fully 

ionized form was determined in 1M NaOH solution. The obtained results are summarized 

in Table 12, and the solubility/pH profile is shown in Figure 9. 

Table 12. The pH-dependent equilibrium solubility of ibuprofen at 37 °C. 

pH SpH ± SD (µg/mL)1 logSpH (mol/L)  

1.92 70.8 ± 3.0 -3.46 

3.96 124 ± 13 -3.22 

5.95 1910 ± 70 -2.03 

7.17 32,033 ± 4135 -0.81 

8.02 300,000 ± 6500 0.16 

14 734,000 ± 30,500 0.55 

1 the results at each pH are the mean of 3 parallel measurements. 

 

Figure 9. The solubility-pH profile of ibuprofen in Britton–Robinson buffers. 

As expected from a weak acid compound with pKa: 4.45, the solubility of 

ibuprofen is increasing according to the Henderson–Hasselbalch relationship in the pH 

2–8 range and reaches a plateau at a higher pH due to the salt formation (108).  

4.2.1.2 Solubility in biorelevant media 

The equilibrium solubility values in biorelevant media are listed in Table 13. 
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Table 13. Equilibrium solubility of ibuprofen in biorelevant media at 37 °C. 

Solvent SpH ± SD (µg/mL)1 

FaSSGF blank, pH 1.6 56.3 ± 0.6 

FaSSGF, pH 1.6 56.0 ± 0.5 

FeSSGF-acetate, pH 4.5 194 ± 2 

FeSSIF blank, pH 5.0 416 ± 12 

FeSSIF, pH 5.0 2103 ± 56 

FaSSIF blank, pH 6.5 2513 ± 15 

FaSSIF, pH 6.5 3160 ± 31 

1 the results at each pH are the mean of 3 parallel measurements. 

Solubility data in biorelevant media are in accordance with results measured in 

BR buffers, showing that the pH significantly affects the solubility of ibuprofen. 

Changing the pH from 1.6 to 4.5, 5.0, and 6.5 results in a 3.4-fold, 7.4-fold, and 44.6-fold 

increase in solubility, respectively. Pepsin has no effect on solubility at gastric pH. 

However, the solubilizing effect of natural surfactants of the small intestine further 

increases the solubility: FaSSIF/FaSSIF blank 1.3-fold; and FeSSIF/FeSSIF blank 5-fold. 

In the case of FeSSIF, a greater solubilizing effect was observed, which can be explained 

by the higher concentration of taurocholate and lecithin. 

4.2.2 Dissolution results obtained by the USP method 

The USP individual monograph of ibuprofen tablets suggests the dissolution of 

the formulations at pH 7.2 using USP II (Paddle) apparatus with 50 rpm (92). The average 

dissolution profiles of each formulation (1 × 200 mg dosage unit per vessel) are presented 

in Figure 10. 
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Figure 10. Dissolution results of ibuprofen formulations obtained by USP 

method. 

According to the USP method, IBU and IBU-Na dissolved rapidly, as more than 

85% of the drug substance dissolved in 15 min. The mean dissolved amount of IBU-lq 

was less than 85% in 15 min, however, its dissolution profile can be considered similar 

to IBU based on the calculated similarity factor (f2 = 55). The dissolution rate of  

IBU-Lys was found to be significantly slower than that of IBU (f2 = 37).  

4.2.3 Dissolution results obtained by GIS method 

Since it is advised to take 1 to 2 tablets of the 200 mg dose strength formulations, 

and 400 mg dose equivalents were administered in the published pharmacokinetic study, 

the in vitro dissolution of IBU 1 × 200 mg tablets vs. 2 × 200 mg tablets was compared 

in blank biorelevant media. The average dissolution profiles in each compartment are 

presented in Figure 11. 
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Figure 11. GIS dissolution of 1 vs. 2 tablets of IBU in blank biorelevant media. 

Figure 11 shows that only a small amount of the API was dissolved in the stomach. 

Both dissolution profiles reached a maximum after 15 min, then a slow decrease was 

observed. The maximum of the curve represents the time when the gastric emptying rate 

of the API equals the dissolution rate. The difference in the percentage dissolved in the 

later stage of the test can be explained by reaching the equilibrium solubility limit (the 

different percentages belong to similar concentrations). The dissolution in the duodenum 

is determined by the composition of the suspension (dissolved API and suspended solid 

particles) entering the gastric chamber. Due to the higher equilibrium solubility in pH 6.5 

blank FaSSIF (~2.5 mg/mL), the transferred solid particles are expected to dissolve. A 

dose-proportional dissolution profile was observed in this compartment and the jejunum 

as well. Since most of the absorption takes place in the upper small intestine, linear 

pharmacokinetics may be assumed based on the dissolution results.  

The GIS dissolutions in blank biorelevant media were also performed with the 

other formulations. Figure 12 shows the obtained concentration profiles of 1 × 200 mg 

tablets in the gastric compartment. 
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Figure 12. Gastric concentration of ibuprofen formulations in blank media. 

The results show that rapid-release products form supersaturated solutions that 

precipitate over time. By the end of the measurement, the concentration of the API 

approaches the equilibrium solubility (SBlankFaSSGF = 56.3 mg/L) for all formulations. The 

degree of supersaturation is similar in the case of salt forms (IBU-Na: ~2.5× and IBU-

Lys: ~2.3×) and somewhat less in the case of soft-gelatin capsules (IBU-lq: ~1.8×). The 

onset of release is delayed by ~5 min for IBU-lq, which is due to the disintegration of the 

capsule shell based on visual observation. The lack of supersaturation of IBU (free acid) 

suggests that the obtained result of rapid-release products is a consequence of the applied 

formulation techniques (salt formation or pre-dissolved API). 

Figure 13 shows the dissolution curves in the duodenal chamber (a) compared to 

the first 45 min of the published clinical results (b) (93). 

 

Figure 13. GIS duodenal dissolution in blank media (a) vs.  

fasting BA study results (b) (93). 
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Based on the dissolution profiles of Figure 13a, all three rapid-release products 

reach a higher maximum concentration compared to the standard IBU formulation, which 

is consistent with the in vivo results. The plateau of IBU-Lys is slightly higher than that 

of IBU-Na and IBU-lq, which, however, was not experienced in vivo. It should be noted, 

though, that the formulations containing ibuprofen-lysinate salt tested in the in vitro and 

in vivo studies came from different manufacturers. In the case of IBU-lq, the delay in the 

onset of dissolution experienced in the gastric chamber persists in the duodenum and also 

appears in vivo. 

The absorption of the API is expected in the entire upper small intestine, therefore, 

the sum of dissolution in the duodenum and jejunum compartments may correlate with 

the in vivo performance of the formulations. Thus, the results were also evaluated in this 

way. In addition to the GIS dissolutions in blank biorelevant media, the tests were also 

carried out in biorelevant media containing biomolecules. The obtained results are 

compared in Figure 14.  

 

Figure 14. GIS sum of the amount dissolved in the duodenum and jejunum in 

blank biorelevant media (a) and biorelevant media (b). 

According to Figure 14, regardless of the addition of biomolecules, the dissolution 

rate of rapid-release formulations is higher than that of IBU (conventional tablet). The 

applied natural surfactants have only a small effect on the dissolution, which indicates 

that the increase in solubility (owing to the ionization caused by the pH shift between the 

stomach and the duodenum) is sufficient to dissolve the entering suspension.  

4.2.4 Establishment of the IVIVC model 

A Level A IVIVC model was established to justify the predictivity of the GIS 

method. The correlation was built on the in vitro and in vivo data of IBU (internal batch), 
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and then the plasma profiles of the other formulations were simulated based on the 

dissolution results (external batches). 

4.2.4.1 Analysis of in vivo data 

The mean plasma concentrations of the fasting crossover pharmacokinetic study 

published by Legg et al. (93). were first digitized and then fitted using the PK module 

(Model 14: two-compartmental PK model) of the WinNonLin IVIVC Toolkit. The in vivo 

profiles are presented in Figure 15. 

 

Figure 15. Published plasma concentration profiles (a) (93) vs. fitted curves (b). 

The estimated parameters of the model describing the plasma profile of IBU were 

applied as input parameters to calculate the UIR function. The UIR function enabled the 

deconvolution of plasma concentration profiles, resulting in the fraction absorbed curves, 

which are shown in Figure 16. 

 

Figure 16. Absorption profiles obtained by deconvolution of clinical data (93). 
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4.2.4.2 Fitting of in vitro dissolution data 

The sum of the amount dissolved curves in the duodenum and jejunum chambers 

of the GIS using blank biorelevant media was fitted with the Weibull function. The 

calculated dissolution profiles fitted to the average data are shown in  

Figure 17. 

 

Figure 17. Fitted dissolution data using the Weibull function. 

Based on Figure 17, the calculated curves fit the experimental data well, however, 

extrapolation is required to describe the whole dissolution profile. Therefore, this phase 

of the profiles has a greater uncertainty. Comparing the in vitro (Figure 17) and the in 

vivo (Figure 16) data, it appears that there is a slightly greater difference in the absorption 

rate between IBU and the rapid-release formulations than in the observed dissolution rate. 

4.2.4.3 Correlation 

The in vitro dissolution (from Weibull fitting) and the in vivo absorption (from 

deconvolution) of IBU were correlated using the Levy plot. The times corresponding to 

nominally the same dissolution (tVitro) and absorption (tVivo) were plotted, and the 

relationship was estimated using linear regression. The Levy plot is presented in  

Figure 18. 



51 

 

Figure 18. The Levy plot of IBU. 

4.2.4.4 Simulation of plasma concentration profiles 

Based on the estimated correlation, we calculated the absorption curves from the 

dissolution of the formulations and then convolved using the UIR function, which 

resulted in the plasma concentration profiles. The simulated profiles are shown in Figure 

19. 

 

Figure 19. The simulated plasma concentration profiles of ibuprofen formulations. 

The Cmax values and their ratio compared to IBU from the statistical analysis of 

the individual plasma concentration profiles, the mean curves, and the IVIVC prediction 

are summarized in Table 14. 
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Table 14. Observed (93) vs predicted pharmacokinetic data of ibuprofen 

formulations. 

 Clinical Data 

Statistical Analysis of 

Individual Profiles 

Clinical Data 

Mean Plasma 

conc. Profiles 

IVIVC Prediction 

from GIS Dissolution 

Formulation Cmax Ratio tmax Cmax Ratio Cmax Ratio tmax 

IBU 

IBU-Na 

IBU-Lys 

37.70 

47.00 

49.90 

N/A 

1.25 

1.32 

82.1 

35.2 

35.1 

28.25 

44.00 

42.75 

N/A 

1.56 

1.51 

37.80 

41.00 

42.40 

N/A 

1.09 

1.12 

81.7 

60.5 

61.4 

IBU-lq 46.80 1.24 40.0 39.00 1.38 42.20 1.12 60.5 

According to the summarized Cmax values, the ratios predicted based on IVIVC 

correlate more with the statistical analysis of the individual profiles than with the ratio of 

the mean profiles. The statistical output of a clinical study provides the most relevant 

description of the differences between the formulations of interest, however, mean 

profiles are usually used for modelling purposes in the absence of published individual 

data. The simulation of the plasma concentration profiles using the established IVIVC 

model was able to predict the enhanced absorption rate of the rapid-dissolving ibuprofen 

formulations. Higher Cmax and lower tmax values were obtained compared to IBU. For 

both parameters, the differences were slightly underestimated. The rapid-release 

formulations were found to be similar to each other, which is also consistent with the in 

vivo data. 

4.3 Food effect prediction of Rivaroxaban 20 mg IR tablets 

Rivaroxaban is a BCS Class II anti-coagulant drug, which is marketed as 

immediate release tablets. The reference formulation (Xarelto) is reported to exhibit dose-

dependent food effects. More precisely, while the lower dose (10 mg) can be taken with 

or without food, the highest dose strength tablet (20 mg) should be taken with food to 

attain the positive food effect for oral absorption and systemic availability (109). 

As a participant of an international collaborative research project that investigated 

the effect of food on the absorption of rivaroxaban, I was responsible for the establishment 

of a mathematical IVIVC model that predicts the plasma concentration profile of Xarelto 
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20 mg tablets in both fasted and fed conditions. The simulations were based on the results 

of a biorelevant USP IV flow-through cell dissolution method, which was developed 

previously in the project. The dissolution profiles obtained with the method modelling 

both fasted and fed conditions are included in the results to the extent necessary, however, 

the development and detailed description of the in vitro method was omitted due to 

industrial property protection reasons. 

4.3.1 In vitro release profile of rivaroxaban in fasted and fed conditions 

Figure 20 demonstrates the in vitro release profiles of the Xarelto 20 mg tablet in 

fasted and fed conditions using the USP IV flow-through cell dissolution method. After 

30 min, in vitro release of Xarelto IR tablet in the fed state and fasted simulated gastric 

fluids were found to be 27.7 and 11.0%.  

Thereafter, the fed and fasted simulated gastric fluid was replaced via simulated 

intestinal fluids without removing the Xarelto IR tablets. The in vitro release, and the time 

to 80% drug release was found to be the 360 and 210 min in case of fasted and fed state 

conditions, respectively. Furthermore, the f2 (similarity factor) was also calculated and 

found to be 38. Thus, the release profile in the case of the fed condition was found to be 

significantly faster as compared to the fasted condition. 

 

Figure 20. In-vitro release profile of rivaroxaban from Xarelto 20 mg IR tablet  

using USP IV apparatus. 
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4.3.2 Establishment of the IVIVC model 

A Level A IVIVC model was established to predict the effect of food on the 

absorption of Xarelto 20 mg tablets. The correlation was built on the in vitro and in vivo 

data in the fasted state, and then the plasma profiles of the formulation were simulated 

based on the dissolution modelling fed conditions. 

4.3.2.1 Dissolution curve fitting 

The fasted state in vitro release profile of the Xarelto 20 mg tablet was fitted with 

the Weibull function. As evident from Figure 21, the predicted in vitro release or, more 

precisely, the fraction of API dissolved was found to be overlapping with the observed in 

vitro release data as a function of time, suggesting that the Weibull function was suitable 

to fit the dissolution data. 

 

Figure 21.  Observed in vitro profile vs. fitted curve of the Xarelto 20 mg tablet. 

4.3.2.2 Analysis of in vivo data 

The in vivo data of rivaroxaban 10 mg oral solution in the fasted condition were 

obtained by literature published by Kubitza et al. (94) (95) . The PK profile was fitted 

using the UIR function. The UIR function obtained was then used to deconvolve the in 

vivo PK profile of Xarelto 20 mg tablets in fasted condition, for the assessment of the in 

vivo absorption curve. The resulting fraction absorbed profile is presented in Figure 22. 
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Figure 22. Fraction absorbed vs time profile of Xarelto 20 mg tablet  

(deconvolved from in vivo) 

4.3.2.3 Correlation 

The dissolved API fraction (obtained from the fitting of in vitro release profile) 

was then related with the absorbed in vivo fraction (obtained from the deconvolution of 

plasma concentration). As evident from Figure 23, the relationship was found to be linear.  

 

Figure 23.  Fraction absorbed vs Fraction dissolved correlation of Xarelto 20 mg 

tablet. 

4.3.2.4 Internal validation of the IVIVC method and prediction of food effect 

In order to justify the validity of the established IVIVC model, the in vivo profile 

of the Xarelto 20 mg tablet in fasted conditions was simulated and compared to the 
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observed clinical data. Thereafter, the plasma concentration profile in fed state was also 

simulated and the expected effect of food on Cmax and AUC values were evaluated. The 

resulting plasma profiles are presented in Figure 24 and the PK parameters are 

summarized in Table 15. 

 

Figure 24. Predicted mean in vivo profiles of Xarelto 20 mg tablet  

using IVIVC model. 

 

Table 15. Observed and predicted PK parameter values of Xarelto 20 mg tablet. 

Formulation Parameter Predicted Observed* 
%Predicted 

Error 

Xarelto 20 mg tablet 

Fasted condition 

AUC (µg*h/L) 1381.9 1361.1 1.5 % 

Cmax (µg/L) 143.6 146.0 -1.7 % 

Xarelto 20 mg tablet 

Fed condition 

AUC (µg*h/L) 1543.1 1750.2 13.4 % 

Cmax (µg/L) 174.6 241.0 38.1 % 

*Literature data (94) (95) 

According to Table 15, the PK parameters of the internal batch could be predicted 

with a very low prediction error (≤ 2%) for both parameters, based on which the 

mathematical model can be considered correct. The predicted fed/fasted ratio of the of 

Cmax (1.22) and AUC values (1.12) suggests a positive food effect, which, however, is 

less than expected based on the literature (1.65 for Cmax and 1.29 for AUC). 
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5 DISCUSSION 

5.1 Dissolution method for delayed-release dosage forms (ASA model 

compound) 

5.1.1 USP method 

The results (see Figure 5) are in agreement with the expectation for delayed-

release formulations designed to release the active substance after the dosage form has 

reached the small intestine, therefore do not dissolve in acidic media. As the dosage form 

is placed in the higher-pH environment, the polymer coating dissolves, and the tablet core 

behaves similarly to immediate-release formulations. Based on the results of the acid 

phase, the gastro resistance of the enteric coating of each formulation was found to be 

appropriate. As the pH 6.8 used after the pH change is typical for the jejunum in fasted 

state, the formulations are expected to dissolve in this intestinal tract at the latest. 

However, in the absence of a medium modelling the duodenal pH, the results do not 

provide information about the exact site of the onset of the drug release. Although all 

formulations met the acceptance criteria, the in vivo studies performed did not 

demonstrate bioequivalence for either ASA Krka or Asactal tablets (97) (98). The latter 

also points out the importance of an appropriate biorelevant dissolution method during 

generic formulation development phase. 

5.1.2 Dissolution results obtained by Biorelevant method with RGE 

The examined products except Walgreens Aspirin are coated with methacrylic 

acid − ethyl acrylate 1:1 copolymer, with a dissolution pH threshold of 5.5, which is 

considered to target the onset of release to the duodenum (55). Interestingly, the results 

showed that the release of the drug substance is more typical in the later small intestinal 

phases (Figure 6). The dissolution profiles of the generic formulations were different (f2 

< 50) from that of the reference Aspirin Protect despite the same coating material, which 

indicated that other coating properties or the composition of the tablet core may also affect 

the release of the drug substance.  

5.1.3 Dissolution results obtained by Biorelevant method with SGE 

Compared to the RGE method, the disintegration of all formulations was found to 

be delayed, which is most probably due to the additional accumulation of protons on the 
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surface of enteric coatings during the longer acidic treatment. The results (Figure 7) 

suggest that the coating material of Walgreens Aspirin is more sensitive for the longer 

gastric residence than methacrylic acid−ethyl acrylate 1:1 copolymer. However, the 

unexpected performance of ASA Krka compared to other formulations with the same 

coating material requires further investigation. 

5.1.4 Scanning electron microscopic images 

Based on the thinner coating of Walgreens Aspirin compared to other 

formulations faster dissolution can be assumed, which correlates well with the results of 

the RGE method (Figure 6), where Walgreens Aspirin showed the highest dissolution 

rate. In case of all five methacrylic acid-ethyl acrylate coated formulations, the thickness 

of coating is between 50 and 75 μm which indicates that the differences in their 

dissolution profiles are most probably due to other factors that cannot be identified 

microscopically. 

5.1.5 Relationship between the composition and in vitro/in vivo performance 

A summary of the available clinical results provided by Krka and Actavis is 

presented in Table 16.  

Table 16. In vivo results of available clinical studies in fasting conditions. 

Test formulation Reference formulation Study ID PK parameter Test/ref ratio 

ASA Krka 100 mg Aspirin Protect 100 mg 091B13 Cmax 1.16 (CI 0.92-1.48) 

   AUC 1.16 

Asactal 100 mg Aspirin Protect 100 mg 1267/07 Cmax 1.22 (CI 1.03-1.43) 

   AUC 1.18 (CI 1.05-1.33) 

  1321/07 Cmax 0.76 (CI 0.65-0.89) 

   AUC 0.98 (CI 0.88-1.10) 

  1747/08 Cmax 1.24 (CI 1.04-1.47) 

   AUC 1.12 (CI 0.97-1.29) 

Actavis has performed three in vivo studies in fasted state to compare Asactal and 

Aspirin Protect, each of which failed to demonstrate bioequivalence (98). Differences of 

Cmax and AUC values were observed in both directions, most probably due to the high 

variability of the in vivo results. Comparing the in vitro dissolutions, Asactal dissolved 
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more slowly than all other formulations, which can be seen also with the USP method 

(Figure 5), but even more typical with the two alternatives of the new method (Figure 6 

and 7). In case of both RGE and SGE, the onset of dissolution was similar to that of the 

reference Aspirin Protect formulation, which meets the expectations based on the 

qualitatively equivalent composition (see Table 8.) and similar thickness (see Table 10.) 

of the coatings. The slower rate of dissolution may be explained by the different 

performance of the tablet cores. As evident from Table 8, Asactal contains hydrophobic 

stearic acid, which may reduce the wettability of the tablet core compared to other 

formulations. Overall, based on the in vitro results, a lower bioavailability compared to 

the reference product is expected. 

In case of ASA Krka, bioequivalence could not be demonstrated in the fasted state 

(97). The study showed 16% increase for both AUC and Cmax compared to the reference 

product which is consistent with the results of the RGE method. RGE predicts an earlier 

release of the ASA Krka formulation compared to Aspirin Protect. The onset of release 

of ASA Krka in the SGE method is similar to that of Aspirin Protect. However, the slope 

of its dissolution curve is slightly higher, which generally predicts a higher Cmax value as 

well. Based on Table 8, the applied plasticizer in the coating of this formulation is 

triacetin, while the reference product is formulated with triethyl citrate, which may 

explain the different onset of drug release observed with the RGE method. The slightly 

higher dissolution rate is probably related to the hydrophilic lactose monohydrate in the 

tablet core.  

In case of Asatrin Teva Protect and ASA Protect Pharmavit there were no clinical 

data available, thus it was not possible to make in vitro – in vivo comparisons. The 

qualitative compositions of these formulations are equivalent to that of ASA Krka. 

Accordingly, their dissolution profiles were also similar with the RGE method. 

Interestingly, the onset of their drug release was less affected by the longer acidic 

pretreatment used in the SGE method. Based on this, both formulations are expected to 

have higher bioavailability compared to the reference product. 

The dissolution of ASA Krka, Asatrin Teva Protect and ASA Protect Pharmavit 

demonstrate the importance of the plasticizer type in the onset of release and the 

wettability of the tablet core in the rate of dissolution of the tested formulations. 



60 

Walgreens Aspirin differs from other tested formulations in the type and thickness 

of coating, composition of the tablet core, and even in the labelled drug content. This 

difference occurs especially in case of the SGE method, which indicates that the applied 

coating material is more sensitive for the longer acidic treatment compared to methacrylic 

acid−ethyl acrylate 1:1 copolymer. The experienced reduction in the dissolution may be 

a risk of lower bioavailability in case of subjects with longer gastric residence times. 

5.2 Multi-compartmental dissolution of immediate-release BCS IIa drugs 

(ibuprofen model compound)  

5.2.1 Thermodynamic equilibrium solubility measurements 

5.2.1.1 pH-dependent solubility 

The measured equilibrium solubility in pH 2.0 BR buffer (logS = -3.46 mol/L) 

(Table 12) is consistent with the literature intrinsic solubility data (logS0 = -3.62) (110). 

The small difference might be explained by the fact that the literature data were measured 

at 25 °C and that at pH 2.0, the molecules are mostly—but not totally—unionized; thus, 

a slightly higher value is expected compared to the intrinsic solubility. Below pH 5, the 

solubility is low, therefore, it can be assumed that from the formulations, the API can 

only partially dissolve in acidic gastric media. 

5.2.1.2 Solubility in biorelevant media  

Similar to the solubility results measured in BR buffers, low solubility is observed 

in fasted state gastric fluids (Table 13). Regardless of the presence of pepsin, ~7% of the 

200 mg dose is expected to dissolve in a volume of 250 mL medium (SFaSSGF blank = 56,3 

µg/mL, SFaSSGF = 56.0 µg/mL). However, after emptying from the stomach, the solubility 

(SFaSSIF blank = 2513 µg/mL, SFaSSIF = 3160 µg/mL) is sufficient to dissolve the entire 

quantity of drug substance, even when 2 × 200 mg tablets are administered together. The 

results indicate that in the case of ibuprofen (or BCS Class IIa drug substances in general), 

enhancement of the solubility in the fasted stomach may be crucial to achieve faster 

absorption. In fed conditions, the intestinal solubility (SFeSSIF = 2103 µg/mL) is lower than 

the fasting results despite the higher surfactant concentration, due to the effect of pH, 

which is greater than that of surfactants. These results may explain the lower absorption 

rate (higher tmax and lower Cmax) observed in the fed state during clinical trials (93). 
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5.2.2 Dissolution results obtained by the USP method 

Since, based on the solubility of the API, the dissolution of the formulation is 

expected mostly in the small intestine, the USP method requires the use of pH 7.2 

phosphate buffer. In this medium, sink condition criterium is fulfilled, thus no difference 

appeared in the dissolution of the different forms of the drug substance. The only 

statistically different profile was that of IBU-Lys, which is probably more related to the 

formulation technology than to the properties of the active ingredient. This difference is 

expected to be irrelevant in vivo due to disintegration of the tablet in the stomach. The 

observation does not correlate with the clinical results either, as significantly faster 

absorption was measured compared to the standard IBU. Overall, the USP method was 

unable to discriminate between rapid-release and standard ibuprofen formulations (Figure 

10). 

5.2.3 Dissolution results obtained by the GIS method 

As a first step of the GIS measurements, the dissolution profiles of 1 × 200 mg vs. 

2 × 200 mg IBU tablets were compared (Figure 11). This was necessary because 2 × 200 

mg tablets were administered during the published clinical trials, however, the 

simultaneous dissolution of two tablets, especially in small volume causes several 

difficulties (such as cone formation or clogging of the peristaltic pump) in the in vitro 

measurement. Since a dose-proportional drug release was observed in the duodenal and 

jejunal compartments (relevant for absorption), further experiments were performed by 

dissolving one tablet at a time. 

During the measurement in blank biorelevant media, significant supersaturation 

of the rapid-release formulations was observed in the gastric compartment (Figure 12). 

Although absorption is not expected in the stomach, differences in the gastric dissolution 

may impact the processes taking place in the small intestine. As expected, the 

supersaturation resulted in advanced dissolution in the duodenum and jejunum as well. 

The visual similarity between duodenal dissolution profiles and plasma concentrations 

(shown in Figure 13) suggests that the experienced phenomenon is biologically relevant 

and may be crucial for the predictivity of the method. At the same time, it clearly shows 

the advantage of the multi-compartmental design. 

In order to study the effect of natural surfactants, the formulations were dissolved 

in full biorelevant media as well. The results showed a good agreement with those 
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observed in blank biorelevant media (Figure 14). This indicates that the small intestinal 

dissolution of ibuprofen (and BCS Class IIa drugs in general) in fasted conditions is much 

more influenced by the pH change (i.e., ionization) than by the presence of biomolecules 

(solubilizing effect). These findings are in agreement with previous study results (111). 

The simplification of biorelevant buffers by omitting the addition of biomolecules may 

be a cost-effective way of the GIS analysis without affecting the predictivity of the 

method. 

5.2.4 Establishment of the IVIVC model 

Direct comparison of the dissolution curves is a frequently used, simple approach 

to compare the developed formulation with the reference product. However, when the 

goal is to achieve enhanced bioavailability, the simulation of the plasma concentration 

profile may be more informative. The IVIVC model was developed using the in vivo data 

of the conventional IBU tablets, which had been the reference for the development of 

rapid-release formulations before. The limited amount of published in vivo data is a 

common difficulty, however, the mean plasma profile of the reference product is in many 

cases available without conducting clinical trials. Despite the slight underestimation of 

the in vivo differences, the model using the sum of duodenal and jejunal dissolution was 

able to predict the enhanced bioavailability of rapid-release formulation. The simulation 

served as a useful additional tool for dissolution studies. 

5.3 Food effect prediction of Rivaroxaban 20 mg IR tablets 

Comparing the biorelevant USP IV dissolution of Xarelto 20 mg tablets in fasted 

and fed state, an enhanced dissolution rate was observed in fed conditions, which is 

probably due to the higher solubility of the BCS Class II rivaroxaban in fed media 

(containing a higher concentration of surfactants). Based on the calculated similarity 

factor (f2 =38), the difference is statistically significant, i.e., the in vitro method was able 

to predict the presence of food interaction. To evaluate the effect of different dissolution 

rates on in vivo absorption, a Level A IVIVC model was developed, and the plasma 

concentration profiles were simulated.  

According to Table 15, the developed IVIVC model relying on the fasted in vitro 

dissolution profiles was able to predict the in vivo performance of the internal batch 

(Xarelto 20 mg tablet in fasted conditions) with a very low prediction error (< 2% for 
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both Cmax and AUC). The latter confirms the validity of the established model. The 

predicted Cmax and AUC values suggested 22% and 12% increase in the fed state which 

was less than that of the literature data (65% for Cmax and 29% for AUC). The difference 

between the predicted food effect compared to the reported data may be a result of slight 

underestimation of dissolution differences. At the same time, minor changes in the 

formulation may have occurred in the time between the published clinical trials and the 

in vitro study of the commercially available product, which may explain the observed 

difference. 
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6 CONCLUSIONS 

The in vitro dissolution is the primary method to assess the in vivo performance 

of both generic and value-added generic formulations. In case of drug products with 

dissolution-controlled absorption, the existence of a predictive biorelevant dissolution 

method is essential during the formulation development phase. Supplementing the in vitro 

method with an appropriate IVIVC model significantly reduces the risk of bioequivalence 

studies. 

My first objective was to provide a dissolution method for a better understanding 

of the in vivo performance of delayed-release formulations. Two alternatives of a 

biorelevant dissolution method – differing in the length of acidic treatment – were 

successfully developed, modelling the conditions of the stomach and the small intestine 

in fasted state. Biorelevant molarity and volume of dissolution medium as well as gradual 

pH change between each tract, were also considered. Six commercially available low-

dose enteric coated ASA formulations were tested with the USP method and the two 

versions of the novel dissolution method. Despite of the difficulties of demonstrating 

bioequivalence, all formulations met the acceptance criteria specified in the individual 

USP monograph of Aspirin Delayed-Release Tablets, which pointed out the importance 

of an appropriate biorelevant dissolution method. Comparing the compositions of the 

formulations with the in vitro results, the new method, especially with rapid gastric 

emptying proved to be discriminative. The different plasticizers applied in the coating 

process appeared to affect the onset of dissolution, while the hydrophilicity of the inactive 

ingredients affected the dissolution rate by altering the wettability of the tablet cores. 

Based on the increased discriminating power of the new dissolution method, and the 

comparison of the in vitro and the limited available bioequivalence data, an enhanced in 

vivo predictivity can also be assumed. Consequently, the new method can be a good 

alternative for reaching a better understanding of the post gastric behaviour of enteric-

coated formulations which is essential to get appropriate information on intestinal release 

and bioavailability. 

The advanced in vivo predictivity of the GIS dissolution system for BCS Class IIb 

and Class IIc compounds has previously been studied in the literature. In the second part 

of my study, the better in vivo predictivity of the method was also demonstrated for 

immediate release formulations containing BCS Class IIa compounds, to which less 
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attention was paid before. The key factors resulting in the superiority of the GIS compared 

to the USP method were the multi-compartmental design, the biorelevant fluid volumes 

and the pH change, which enabled the modelling of the complex mechanism behind the 

advanced absorption of rapid dissolving ibuprofen formulations. It was found that pre-

dissolving or salt formation of poorly soluble acidic compounds leads to temporary 

supersaturation in an acidic medium, which, thanks to the continuous gastric emptying, 

affects the resulting concentration in the upper small intestine as well. Both dissolution 

and solubility results indicated that the role of gastrointestinal pH conditions in the in vivo 

dissolution of poorly soluble, acidic drug substances is more significant compared to the 

solubilizing effect of biomolecules. In conclusion, the multi-compartmental GIS model 

using blank biorelevant media was found efficient in predicting the in vivo performance 

of ibuprofen formulations. Predicting the in vivo behaviour and providing a better 

understanding of the absorption process can both contribute to the successful 

development of enhanced bioavailability formulations containing BCS Class IIa drugs. 

The last part of my study focused on the establishment of a Level A IVIVC 

method, that models the effect of food on absorption of Rivaroxaban 20 mg IR tablets, 

relying on the biorelevant in vitro dissolution in fasted and fed media using USP IV 

apparatus. The model successfully demonstrated a significant food effect increasing the 

Cmax and AUC of rivaroxaban, which could be due to higher solubility in fed conditions. 

The developed model can contribute to the development and optimization of the 

formulation parameters, mainly in the early-stage development phase, reducing 

preclinical and clinical time and cost. 
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7 SUMMARY 

A novel in vitro dissolution method was developed with the aim of enabling a 

better understanding of the post-gastric behaviour of enteric-coated formulations, and 

thus better prediction of in vivo bioavailability. First, the physiological conditions at each 

tract of the gastrointestinal system in fasted state were determined on the basis of 

literature data. Then, the theoretical (time-varying) conditions were successfully 

modelled by adding different phosphate buffer solutions to the initial 0.01M HCl in a 

“Chinese small volume” apparatus using a multistep procedure. Because of the high 

variability of gastric residence time, two versions of the method (RGE and SGE) were 

tested, differing in the length of acid treatment (20 min vs 120 min). The improved 

discriminatory power of the new method compared to the USP method was demonstrated 

by investigating six commercially available low-dose ASA formulations. The results 

pointed out the influence of the plasticizer used in the coating on the onset of drug release, 

while the rate of dissolution was determined by the wettability of the excipients used in 

the tablet cores. The observations may explain the negative bioequivalence outcome of 

ASA Krka and Asactal formulations i.e. advanced predictivity of the new method may 

also be assumed. 

The multi-compartmental Gastrointestinal Simulator was implemented to test its 

applicability to BCS Class IIa compounds. The method using blank biorelevant media 

was able to differentiate between rapid-release and conventional-release formulations. 

The study showed that either the salt formation or pre-dissolving the API in a lipid-based 

solution resulted in temporary supersaturation in the stomach, which affected the 

dissolution in the later compartments as well. Moreover, a Level A IVIVC model was 

developed, and the plasma concentrations were simulated based on the in vitro dissolution 

in the duodenum and jejunum compartments. Similar to the literature, significant 

increases in Cmax values were observed. 

An IVIVC model was also established to predict the effect of food on Rivaroxaban 

20 mg formulations. The correlation was built between the published in vivo fasting 

clinical results and the measured in vitro dissolution in fasted biorelevant media using 

USP IV apparatus. Then, the fed plasma concentration profile was predicted based on the 

in vitro dissolution using the same apparatus with fed biorelevant media. The predicted 

food-effect, especially for Cmax was significant but below the reported literature results. 
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ABSTRACT
Purpose The aim of our work was to develop a biorelevant
dissolution method for a better understanding of the in vivo
performance of delayed-release tablet formulations.
Methods The typical pH profile and residence times in the
stomach and small intestine were determined in fasted condi-
tions based on the published results of swallowable monitoring
devices. Then, a multi-stage pH shift dissolution method was
developed by adding different amounts of phosphate-based
buffer solutions to the initial hydrochloric acid solution.
Because of the highly variable in vivo residence times in the
stomach, two alternatives of the method were applied, model-
ing rapid and slow gastric emptying as well. This approach
provided an opportunity to study the effect of the acidic treat-
ment on post gastric release. Six enteric-coated low-dose
acetylsalicylic acid (ASA) formulations including the reference
Aspirin Protect were tested as a model compound. Moreover,
the thickness of the coating of each formulation was investi-
gated by scanning electron microscope.
Results Comparing the in vitro results to the known properties
of the formulations, the new method was found to be more
discriminative than the USP dissolution method. Ingredients

affecting the in vitro dissolution, and thus probably the in vivo
performance, were identified in both the tablet core and the
coating of the tested formulations. The limited available in vivo
data also indicated an increased predictivity.
Conclusion Overall, the presented method may be an effi-
cient tool to support the development of enteric coated gener-
ic formulations.

KEY WORDS acetylsalicylic acid . biorelevant dissolution .
enteric coating . gastric residence time . gastrointestinal pH
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ASA Acetylsalicylic acid
API Active Pharmaceutical Ingredient
BA Bioavailability
BE Bioequivalence
CI Confidence interval
EC Enteric coating
EMA European Medicines Agency
GI Gastrointestinal
HPLC High Performance Liquid Chromatography
MMC Migrating motor complex
NSAID Nonsteroidal anti-inflammatory drug
PVAP Polyvinyl acetate-phthalate
QC Quality control
RGE Rapid gastric emptying
SGE Slow gastric emptying
AUC The area under the plot of plasma concentration of

a drug versus time after dosage
Cmax The maximum concentration that a drug achieves

in a specified compartment of the body after
administration

tmax The time it takes a drug to reach the maximum
concentration in plasma
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USP United States Pharmacopoeia
FDA U.S. Food and Drug Administration

INTRODUCTION

The reliable prediction of in vivo performance of generic for-
mulation candidates is a continuous challenge in drug devel-
opment. In cases where solubility or the dissolution of the API
is the rate limiting factor of absorption, the in vitro dissolution
test is the primary tool for the prediction of bioavailability (1).
However, conventionally used apparatuses and buffer compo-
sitions are usually not suitable to model the complex atmo-
sphere of the gastrointestinal system. The lack of predictive
in vitro dissolution methods is particularly common in formu-
lations such as enteric-coated(EC) products, which was
underlined by Al-Gousous et al. (2).

The dissolution testing of delayed-release products for
quality control (QC) purposes is specified by various
Pharmacopoeias. In order to demonstrate the resistance of
the coating to the gastric fluid, both EMA and FDA prescribes
the testing of the product in an acidic medium (e.g. 0.1 M
hydrochloric acid) for 1 to 2 h, which is followed by testing
in a buffer solution of pH 6.8 to model the small intestinal
environment (3, 4). As evident from the prescriptions of the
Pharmacopoeias, these methods apply only one pH to model
the small intestine, which is not sufficient to determine the
exact site of disintegration and absorption. In general, disso-
lution methods for QC purposes need to be robust and simple
to implement, which limits the in vivo predictability of the
method. However, in case the aim is to support the formula-
tion development, dissolution methods should be as
biorelevant as possible in order to design the formulation able
to behave in vivo as intended.

The aim of the application of enteric coating is to delay the
release of the drug substance until it is emptied from the stom-
ach. Thereafter, the site of drug release is affected by several
factors, such as the structure of the employed film former, the
thickness of the applied film, and the nature and quantities of
the additives used together with it (5). In general, enteric coat-
ings are weakly acidic polymers that are insoluble at gastric
pH but ionize and dissolve under intestinal conditions.
Different polymers have different pH thresholds, which is an
important property when targeting the site of disintegration
(2). Due to the acidic nature of coatings, the accumulation of
protons on the surface of such formulations in the stomach
may also affect their post-gastric release. Based on this, the
residence time in the stomach also plays an important role in
the subsequent absorption of the drug substance (6).
Physiologically, the gastric emptying is related to the migrat-
ing motor complex (MMC) of the stomach, which is a ~2 h
long cycle that consists of four phases. Phase I is a period of
motor quiescence lasting 40–60% of the cycle. Phase II,

accounting for 20–30% of the cycle, exhibits irregular phasic
contractions. Phase III is a 5- to 10-min period of lumenally
occlusive, rhythmic contractions occurring at the slow-wave
frequency. Phase IV is a transitional period of irregular con-
tractions between phase III and phase I (7). Non-
disintegrating solid dosage forms administered in the fasted
state are mainly emptied during the intense contractions of
phase III, also known as the ‘housekeeper wave’ (8, 9).
However, Kaniwaka et al. found significant correlation be-
tween the gastric emptying rates and the size of enteric-
coated tablets as well (10).

To develop a predictive in vitro dissolution method, the
appropriate characterization of the pH conditions and the
residence times in each relevant part of the gastrointestinal
(GI) system is essential. Some studies focused on the evaluation
of gastrointestinal pH conditions using ingestible radiotelem-
etry capsules as early as the late 1980s (11, 12). To date, a
number of similar, new devices have become available (e.g.
Bravo capsule, IntelliCap, SmartPill) which help in the precise
characterization of GI pH values (13–17). Previously, the de-
termination of residence times in the GI tract was carried out
using formulations labeled with radionucleotides (18).
However, with the advance of radiotelemetry capsules, a suit-
able alternative is provided for this purpose as well (12, 15).

The gastrointestinal environment is strongly affected by the
food and liquid intake, therefore the in vivo bioavailability (BA)
studies are conducted under standardized conditions.
According to the EMA’s guideline, in general, a bioequiva-
lence (BE) study should be conducted under fasting condi-
tions, as this is considered to be the most sensitive condition
to detect a potential difference between formulations (19). In
order to prove bioequivalence, performing a study in fasted
state is prescribed by the FDA as well (20). In general, subjects
are fasting for 8 h prior to administration, then test and refer-
ence products are administered with a standardized amount
of water (at least 150mL). No food intake is allowed for at least
4 h post-dose. As prescribed by the EMA, the sampling sched-
ule of a bioequivalence study should include frequent sam-
pling around the predicted tmax to provide a reliable estima-
tion of peak exposure (19). However, for enteric-coated for-
mulations, the high variability of gastric emptying rate results
in high variability of tmax value, thus adequately describing
their plasma concentration-time profile is challenging. This
occurs especially when the plasma half-life of the investigated
drug substance is short. The difficulty of in vivo testing of EC
formulations also confirms the importance of proper in vitro
characterization.

Acetylsalicylic acid (ASA) is a nonsteroidal anti-
inflammatory drug (NSAID) which is commonly used to re-
duce pain, fever or inflammation (21). ASA irreversibly in-
hibits platelet aggregation by inhibiting thromboxane A2

(TxA2) synthesis, therefore it is also recommended in single
and dual antiplatelet therapy. It has been shown that the use
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of ASA increases the risk of gastrointestinal bleeding especially
when used long-term (22). The adverse effect is dose-related
therefore in the antiplatelet indication it is typically given in
low-dose (50–100 mg/day) (23). In order to avoid the irrita-
tion of the stomach, ASA is available as enteric-coated dosage
form as well. Since there have been several reported attempts
that failed to demonstrate BE in case of generic enteric-coated
ASA formulations this substance was chosen as a model com-
pound in our study (24–26).

According to Garbacz et al., the bicarbonate buffer can be
considered as the most biorelevant buffer system for the sim-
ulation of intestinal conditions. However, the disadvantage of
such buffer solutions is their thermodynamic instability, which
requires the control of the pH during dissolution testing (27).
Despite their complicated implementation, there are a num-
ber of examples of using bicarbonate buffers for the testing of
enteric-coated formulations as well (28–30). Alternatively, Al-
Gousouset al. have successfully developed a dissolutionmethod
using phosphate-based surrogate buffer and found good cor-
relation between in vitro and in vivo properties of Aspirin
Protect 300 mg and Walgreens Aspirin 325 mg formulations.
The published dissolution method considers the pH change
after emptying the stomach and applies two different phos-
phate buffers to model the pH and buffer molarity gradient
along the small intestine (31). However, the referred methods
pay less attention to the effect of gastric emptying time on the
performance of enteric coatings. In addition, the results of the
advanced radiotelemetry capsules allow a more accurate sim-
ulation of the characteristic pH profile and residence times of
the small intestine, giving a new opportunity to predict the site
of disintegration and absorption.

The aim of our work was to develop a new biorelevant
in vitro dissolution method for enteric-coated formulations con-
sidering the physiological conditions of the stomach and the
small intestine, such as typical pH profile, residence times and
biofluid volume. The accurate modeling of these parameters is
expected to provide us with a better understanding of the site
of disintegration and the rate of absorption of enteric-coated
formulations. However, due to the complex composition of
biofluids (enzymes, bile acids, etc.), some simplifications had
to be made, to get a better applicable method.

Two alternatives of the new method, modeling rapid and
slow gastric emptying, and the USP method were used to test
different enteric-coated, low-dose ASA formulations. The test-
ed formulations included the reference product as well as the
commercially available generic alternatives in Hungary. Since
the comparison of different enteric coatings was also aimed
and each of the latter formulations contained the same type of
coating polymer, Walgreens Aspirin 81 mg marketed in the
USA was also tested despite having a different strength. The
coatings of each formulation were examined with scanning
electron microscope (SEM). The thickness and the composi-
tion of the coatings as well as the composition of the tablet

cores were studied to interpret the obtained in vitro dissolution
results. In case published in vivo results were available, the
IVIV relationship between the dissolution profiles and the
corresponding pharmacokinetic parameters was also investi-
gated. For other formulations, the possible in vivo effects of the
in vitro dissolution results were discussed.

MATERIALS AND METHODS

Materials

Six commercially available enteric-coated ASA-containing
products were tested: Walgreens Aspirin 81 mg (LNK, USA;
Lot: P106919), Aspirin Protect 100 mg (Bayer AG, Germany;
Lot: BTAH3CO), Asatrin-Teva Protect 100 mg (Teva
Pharmaceutical Industries Zrt., Hungary; Lot: R43739),
ASA Krka 100 mg (KRKA, Slovenia; Lot: D66849), Asactal
100 mg (Actavis Group PTCehf., Iceland; Lot: 037018) and
ASA Protect Pharmavit 100 mg (PharmaSwiss Ceska
Republika, Chech Republic; Lot: 7E126A). Walgreens
Aspirin was purchased in the USA, while other products were
purchased from pharmacies in Hungary. All formulations
were white colored, round, cylindrical biconvex tablets with
slight differences in the sizes: the height and the diameter of
the formulations varied between 3 and 4 mm and 6.5–8 mm.
The tested products and the inactive ingredients of the tablet
cores and the applied coating materials are summarized in
Table I.

All chemicals used were of analytical grade. Sodium
dihydrogen phosphate monohydrate; trisodium phosphate;
acetonitrile; hydrochloric acid; (Molar Chemicals Ltd.,
Budapest), disodium hydrogen phosphate dihydrate;
(Thomasker, Budapest), phosphoric acid; (Emsure ACS.
Reag. Ph. Eur., Budapest).

Methods

Dissolution Testing

The dissolution tests were carried out using an Agilent 708 DS
dissolution apparatus (Agilent Technologies, Inc., Santa
Clara, California, USA). The media were thermostated at
37 ± 0.5°C. Each formulation in each method was tested
on six parallel samples.

USP Dissolution Method (32). The samples were first placed
into USP I baskets and stirred at 100 rpm in 1000 mL of
0.1 M HCl solution for 120 min, then the medium was re-
placed by 900 mL of pH 6.8 ± 0.5 phosphate buffer and the
test was continued for an additional 60min at constant stirring
rate. The buffer solution was prepared by mixing 0.1 M HCl
with 0.2 M tribasic sodium phosphate (3:1). In case it was
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necessary, the pH was adjusted with 2 M hydrochloric acid or
2 M sodium hydroxide. Samples at each sampling time point
were taken into HPLC vials via autosampling. The sampling
cannulas were equipped with 10 μmPVDF, full-flow filter tips
(Agilent Technologies, Inc., Santa Clara, California, USA).
The applied sampling schedule is shown in Table II.

Biorelevant Dissolution Method. The dissolution apparatus was
equipped with 250 mL small volume vessels and rotating pad-
dles according to Chinese Pharmacopoeia. The media were
stirred at 50 rpm. The initial dissolution medium was 160 mL
of 0.01 M HCl solution, which was modified in three steps
through the addition of different amounts of Na2HPO4 buffer
in order to simulate the conditions of the stomach and differ-
ent parts of the small intestine. The addition of the buffer
solution was performed using Cole Parmer 74,900 infusion
pumps (Cole Parmer, Vernon Hills, Illinois, USA), the pH
of the media was measured by an Inolab-type pH meter
(WTW GmbH, Weilheim, Germany). Due to the highly var-
iable in vivo residence times in the stomach, two variants of the
method were applied which differed only in the length of the
acidic treatment. The conditions of the methodmodeling rapid
gastric emptying (RGE) and slow gastric emptying (SGE) are
summarized in Table III.

Samples at each time point were taken manually using
equivalent filtration to that of the USP method. The volume
of the samples was 1 mL in all cases. Table IV shows the
sampling schedule of the biorelevant methods.

Onset of the dissolution was determined by 5% of dissolved
drug substance. The f2 statistic was calculated based on the
EMA guideline on the Investigation of Bioquivalence (33).

Determination of Dissolved Drug Content by High Performance
Liquid Chromatography

A Waters Acquity UPLC device (Waters, Milford,
Massachusetts, USA) was used to determine the amount of
dissolved drug in the solutions. For this purpose, YMC-Pack
Pro C18 RS S-5 μm, 8 nm 150 × 4.6 mm I.D type HPLC
c o l u m n w a s u s e d . T h e m o b i l e p h a s e w a s
ACN:H2O:cc.H3PO4 = 400:600:1 and the flow rate was
1.0 mL/min. The mode of separation was isocratic.
External calibration was applied by five consecutive injections
of the standard solution containing the concentration of API
corresponding to the approximated concentration of 100%
dissolution. The calibration was controlled by the injection
of the standard control solution containing the same nominal
concentration, then followed by the injection of the sample
solutions. The absorbance was detected at 237 nm. For stan-
dard preparations, accurate measurements were achieved
using a Mettler Toledo XP26 microanalytical balance
(Mettler Toledo, Columbus, Ohio, USA). The sample con-
centrations in mg/L were calculated using the dilution of the
standard solution and the sample solution and the peak areas
of the sample solutions. The chromatographic conditions for
each test preparation were the same as well as the column
used for the measurement.

Examination of Coatings by Scanning Electron Microscope

Before the test, the samples were fixed with double-sided car-
bon glue to copper stumps, then gilded with a JEOL 1200
type device (JEOL, Akishima, Tokyo, Japan). Images were
taken from the samples in tablet form using a JEOL JSM-
6380LA scanning electron microscope (JEOL, Akishima,

Table II Sampling Time Points of USP Method

Medium Sampling time (min)

0.1 M HCl 60, 120

pH 6.8 phosphate buffer 5, 15, 30, 45, 60

Table I Dose and Qualitative Ingredients of the Tested Products

Product Dose (mg) Core Coating

Aspirin Protect 100 Microcrystalline cellulose, corn starch Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate
80, sodium lauryl sulfate, triethyl citrate, talc

Asatrin- Teva Protect 100 Microcrystalline cellulose, potato starch, silica colloidal
anhydrous, lactose monohydrate

Methacrylic acid− ethyl acrylate 1:1 copolymer, triacetin, talc

ASA Krka 100 Microcrystalline cellulose, potato starch, silica colloidal
anhydrous, lactose monohydrate

Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate
80, sodium lauryl sulfate, triacetin, talc

Asactal 100 Microcrystalline cellulose, corn starch, silica colloidal
anhydrous, stearic acid

Methacrylic acid− ethyl acrylate 1:1 copolymer, polysorbate 80,
sodium lauryl sulfate, triethyl citrate, talc

ASA Protect Pharmavit 100 Microcrystalline cellulose, potato starch, silica
colloidal anhydrous, lactose monohydrate,

Methacrylic acid− ethyl acrylate 1:1 copolymer, triacetin, talc

Walgreens Aspirin 81 Microcrystalline cellulose, corn starch, silica colloidal
anhydrous, polydextrose, sodium bicarbonate

Hypromellose, methacrylic acid, shellac wax, sodium lauryl sulfate,
polyethylene glycol, simecthicone, triacetin, triethyl citrate, talc,
titanium dioxide
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Tokyo, Japan) applying 15 kV accelerating voltage and
10 mm sample distance under high vacuum.

RESULTS AND DISCUSSION

Dissolution Results Obtained by USP Method

A comparative dissolution study of the selected formulations was
performed according to the pharmacopoeial prescriptions (32).
As evident fromFig. 1, no dissolutionwas observed during the 2-
h treatment in 0.1MHCl solution. After the replacement of the
dissolution medium by pH 6.8 phosphate buffer, each formula-
tion started to dissolve immediately, and a measurable concen-
tration of ASA was observed at the 5-min sampling point in all
cases. The post-acidic dissolution of all formulations except
Asactal was rapid (≥85% for the mean percent dissolved in
≤30 min). Walgreens Aspirin and Asatrin Teva Protect even
met the criterion of very rapid dissolution (≥85% for the mean
percent dissolved in ≤15 min in this medium) (34). The dissolu-
tion rate of Asactal was significantly lower as its mean dissolution
exceeded 85% only after 45 min residence in pH 6.8 buffer.

These results are in agreement with the expectation for
delayed release formulations that are designed to release the
active substance after the dosage form has reached the small
intestine, therefore do not dissolve in acidic media. As the
dosage form is placed in the higher-pH environment, the poly-
mer coating dissolves, and the tablet core behaves similarly to
immediate-release formulations. Based on the results of the
acid phase, the gastro resistance of the enteric coating of each
formulation was found to be appropriate. As the pH 6.8 used
after the pH change is typical for the jejunum in fasted state, the
formulations are expected to dissolve in this intestinal tract at

the latest. However, in the absence of a mediummodeling the
duodenal pH, the results do not provide information about
the exact site of the onset of the drug release.

According to the individual USP monograph of Aspirin
Delayed-Release Tablets not more than 10% of the labeled
amount of aspirin is allowed to dissolve in the acidic stage while
the dissolution in the buffer stage must exceed 75% in 45 min
(35). These criteria are consistent with both USP and Ph. Eur
general prescriptions for delayed-release formulations (36, 37).
Based on Fig. 1, it can be determined that all formulations met
the acceptance criteria. However, the in vivo studies performed
did not demonstrate bioequivalence for either ASA Krka or
Asactal formulations (24, 25). The latter also points out the
importance of an appropriate biorelevant dissolution method
during generic formulation development phase.

Development of a Biorelevant Dissolution Method

The development of the method was focused on modeling the
gastrointestinal conditions in fasted state. The applied pH
conditions and residence times were determined based on
published experimental results of ingestible pH monitoring
capsules (11, 12, 14–18, 38). In case of such devices, gastric
residence and small intestinal transit times are determined
based on characteristic pH changes. As the capsule passes
through the pylorus, the acidic environment of the fasted stom-
ach is rapidly and sustainly replaced by an almost neutral pH
of the duodenum. The small intestinal residence ends with the
passage through the ileocecal valve, which is indicated by a
> 0.5 decrease of pH as a result of bacterial digestion products
in the colon. According to the published data, the mean pH of
the stomach was found to be around 2.0, which is resulted by
the dilution of the initial gastric acid with the liquid intake

Table III Applied Conditions of
Dissolution Method with RGE and
SGE

Method with RGE Method with SGE

Medium pH Residence time (min)

Gastric phase 160 mL, 0.01 M HCl solution 2.0 20 120

pH change 1. Addition of 20 mL, 135 mM Na2HPO4 buffer 10 10

Duodenal phase 180 mL, 15 mM phosphate buffer 6.5 30 30

pH change 2. Addition of 10 mL, 100 mM Na2HPO4 buffer 20 20

Jejunal phase 190 mL, 19.5 mM phosphate buffer 6.8 70 70

pH change 3. Addition of 20 mL, 100 mM Na2HPO4 buffer 10 10

Ileal phase 210 mL, 27.1 mM phosphate buffer 7.2 45 45

The main difference between the two method was highlighted with bold entries

Table IV Sampling Time Points of
Biorelevant Methods Method Sampling time (min)

RGE 20, 30, 60, 70, 80, 90, 100, 110, 120, 135, 150, 160, 175, 190, 205

SGE 120, 130, 160, 170, 180, 190, 200, 210, 220, 235, 250, 260, 275, 290, 305
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following the administration of the drug product. The resi-
dence time in the stomach is reported to be typically between
20 and 120 min with high variability. Since the time spent in
the acidic medium may affect the physicochemical properties
of the weakly acidic film formers, instead of specifying the
average residence time, two versions of the method were test-
ed, one with 20 min and one with 120min acidic treatment, to
model both faster and slower gastric emptying. The pH con-
ditions modeling the small intestinal tracts were set to pH 6.5
(proximal phase), pH 6.8 (middle phase) and pH 7.2 (distal
phase), respectively. The time spent at each pH was 30 min
(proximal phase), 70 min (middle phase), and 45 min (distal
phase), excluding the time of the pH changes. According to the
results of radiotelemetry capsules, the pH change between
each tract is rather gradual than momentary (13). To model
this phenomenon, the buffer solutions were administered using
an infusion pump. The experimental pH vs time profile of the
developed method with rapid gastric emptying is shown in
Fig. 2.

The composition of the gastric buffer was 0.01 M HCl
solution, while the appropriate pH changes were achieved
by the addition of different amounts of Na2HPO4 solutions
with different molarities. The molarity of the phosphate-based
buffer solutions was set based on the results of Al-
Gousouset al., who elaborated a simplified alternative to

unstable bicarbonate buffer systems (34). The volume of the
dissolution media varied from 160 mL to 210 mL, which
better suits the amount of fluid in the stomach after the intake
of drugs with a glass of water.

Dissolution Results Obtained by Biorelevant Method
with Rapid Gastric Emptying (RGE)

Figure 3 shows the results of the dissolution method model-
ing rapid gastric emptying. According to the results none of
the products releases the API in the gastric or proximal
small intestinal phase (0–60 min). In case of Walgreens
Aspirin, Asatrin-Teva Protect, ASA Krka and ASA
Protect Pharmavit the mean onset of dissolution ranged
from 78.3 ± 4.1 to 80.0 ± 6.3 min, which belongs to
the pH change between the proximal and middle small
intestinal phase. The dissolution profiles of the latter for-
mulations except Walgreens Aspirin were found to be sim-
ilar, as the calculated similarity factors (f2) were ≥ 50
(f2,Asatrin-Teva Protect vs. ASA Protect Pharmavit = 50; f2,ASA Krka

vs. ASA Protect Pharmavit = 58). Aspirin Protect and Asactal
started to dissolve at the pH of the middle small intestinal
phase (pH 6.8; 80–150 min), however, the dissolution rate
of Asactal is significantly slower compared to Aspirin
Protect (f2 = 21). The dissolution of the products except

Fig. 1 Dissolution results obtained
by USP method.

Fig. 2 Experimental pH profile of
biorelevant dissolution method with
RGE.
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Asactal is completed or almost completed in the 80–150-
min interval, while Asactal releases its API mostly in the
distal small intestine.

The examined products except Walgreens Aspirin are
coated with methacrylic acid − ethyl acrylate 1:1 copolymer,
with a dissolution pH threshold of 5.5, which is considered to
target the onset of release to the duodenum(2). Interestingly, the
results showed that the release of the drug substance is more
typical in the later small intestinal phases. The dissolution
profiles of the generic formulations were different (f2 < 50)
from that of the reference Aspirin Protect despite the same
coating material, which indicated that other properties of the
coating or the composition of the tablet core may also affect
the release of the drug substance.

Dissolution Results Obtained by Biorelevant Method
with Slow Gastric Emptying (SGE)

Figure 4 shows the results of the dissolution method modeling
slow gastric emptying. Similar to the RGE method, there was
no dissolution observed in the gastric and proximal small in-
testinal periods (from 0 to 160 min on Fig. 4). The dissolution
of the formulations except Asatrin Teva Protect and
Walgreens Aspirin started at the pH 6.8 period (180–
250 min). In case of Asatrin Teva Protect and Walgreens
Aspirin, a certain amount of API has already been released

at the pH change between the proximal and middle small
intestinal phases (160–180 min), however it was also less than
that of the RGE method. It is also evident from Fig. 4 that,
compared to other formulations, the longer gastric residence
time had a greater effect on the shape of the dissolution profile
of Walgreens Aspirin and resulted in longer saturation time.
The mean post-gastric onset of ASA Krka dissolution was
delayed by 20.0 min, while other formulations changed slight-
ly by 3.7 to 8.3 min. Similar to the RGE method, the dissolu-
tion of Asactal is significantly slower than the reference formu-
lation (f2,Asactal vs. Aspirin Protect = 26) and most of the API
release occurs in the simulated distal small intestine.

The observed delay in the disintegration of all formulations
compared to the RGE method is most probably due to the
additional accumulation of protons on the surface of enteric
coatings during the longer acidic treatment. The unexpected
performance of ASA Krka compared to other formulations
with the same coating material requires further investigation.
The results suggest that the coating material of Walgreens
Aspirin is more sensitive for the longer gastric residence than
methacrylic acid−ethyl acrylate 1:1 copolymer.

Scanning Electron Microscopic Images

The structure and thickness of the coatings surrounding the
tablet cores are shown in Fig. 5.

Fig. 3 Dissolution results obtained
by biorelevant dissolution method
with RGE.

Fig. 4 Dissolution results obtained
by biorelevant dissolution method
with SGE.
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The coatings were found to be evenly distributed around
the cores in all cases. Comparing the structure of the coating
around Walgreens Aspirin with other formulations coated
with methacrylic acid-ethyl acrylate, it can be said that
methacrylic acid-ethyl acrylate is more concise, especially in
the case of Bayer Aspirin Protect.

As evident from Table V, the coating of Walgreens Aspirin
is thinner than that of other formulations. This observation is
in accordance with the dissolution results of the RGE method
(Fig. 3), where Walgreens Aspirin showed the highest dissolu-
tion rate.

In case of all five methacrylic acid-ethyl acrylate coated
formulations, the thickness of coating is between 50 and
75 μm which indicates that the differences in their dissolution
profiles are most probably due to other factors than the thick-
ness of the coating.

Relationship Between the Composition
and In Vitro/In Vivo Performance

Among the tested formulations the manufacturer of ASA
Krka and Asactal submitted BE study results to support the
application for marketing authorization (MPA, 2016a; MPA,
2011). Other applicants, such as Teva, referred to the well-
established clinical use and provided only an overview of lit-
erature references (26). A summary of the available clinical
results is presented in Table VI.

Actavis has performed three in vivo studies under fasted
state to compare Asactal and Aspirin Protect, each of which
failed to demonstrate bioequivalence (25). Differences of Cmax

and AUC values were observed in both directions, most prob-
ably due to the high variability of the in vivo results. Comparing
the in vitro dissolutions, Asactal dissolved more slowly than all
other formulations, which can be seen also with the USP
method, but even more typical with the two alternatives of
the new method. In case of both RGE and SGE, the onset
of dissolution was similar to that of the reference Aspirin
Protect formulation, which meets the expectations based on
the qualitatively equivalent composition (see Table I.) and
similar thickness (see Table V.) of the coatings. The slower
rate of dissolution may be explained by the different perfor-
mance of the tablet cores. As evident from Table I, Asactal
contains hydrophobic stearic acid, which may reduce the wet-
tability of the tablet core compared to other formulations.
Overall, based on the in vitro results, a lower bioavailability
compared to the reference product is expected.

In case of ASA Krka, bioequivalence could not be demon-
strated in the fasted state. The study showed 16% increase for
both AUC and Cmax compared to the reference product

Fig. 5 SEM pictures of enteric coated ASA formulations.

Table V Thickness of the Coating of ASA Formulations

Product Thickness of the coating (μm)

Walgreens Aspirin 26.0–40.2

ASA Protect Pharmavit 52.6–60.0

Bayer Aspirin Protect 58.1–69.1

Asatrin- Teva Protect 50.7–60.1

ASA Krka 64.3–75.0

Asactal Actavis 63.6–65.7
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which is consistent with the results of the RGE method, which
predicts an earlier release of the ASA Krka formulation com-
pared to Aspirin Protect. The onset of release of ASA Krka
obtained from the SGE method is similar to that of Aspirin
Protect. However, the slope of its dissolution curve is slightly
higher, which generally predicts a higher Cmax value as well.
Based on Table I, the applied plasticizer in the coating of this
formulation is triacetin, while the reference product is formu-
lated with triethyl citrate, which may explain the different
onset of drug release observed with the RGE method. The
slightly higher dissolution rate is probably related to the hy-
drophilic lactose monohydrate in the tablet core.

In case of Asatrin Teva Protect and ASA Protect
Pharmavit there were no clinical data available, thus it was
not possible to make in vitro – in vivo comparisons. The quali-
tative compositions of these formulations are equivalent to
that of ASA Krka. Accordingly, their dissolution profiles were
also similar with the RGE method. Moreover, the onset of
their drug release was less affected by the longer acidic pre-
treatment used in the SGE method. Based on this, both for-
mulations are expected to have higher bioavailability com-
pared to the reference product.

The results also demonstrate the importance of the plasti-
cizer type in the onset of release and the wettability of the
tablet core in the rate of dissolution of the tested formulations.

Walgreens Aspirin differs from other formulations tested in
the type and thickness of coating, composition of the tablet
core, and even in the labeled drug content. This difference
occurs especially in case of the SGE method, which indicates
that the applied coating material is more sensitive for the
longer acidic treatment compared to methacrylic acid−ethyl
acrylate 1:1 copolymer. The experienced reduction in the
dissolution may be a risk of lower bioavailability in case of
subjects with longer gastric residence times.

CONCLUSIONS

Two alternatives of a biorelevant dissolution method – differ-
ing in the length of acidic treatment – were successfully

developed, modeling the conditions of the stomach and the
small intestine in fasted state. Biorelevant molarity and vol-
ume of dissolution medium as well as gradual pH change
between each tract, were also considered. Six commercially
available low-dose enteric coated ASA formulations were test-
ed with the USP method and the two versions of the novel
dissolution method.

Despite of the difficulties of demonstrating bioequivalence,
all formulations met the acceptance criteria specified in the
individual USP monograph of Aspirin Delayed-Release
Tablets, which pointed out the importance of an appropriate
biorelevant dissolution method. Comparing the compositions
of the formulations with the in vitro results, the new method,
especially with rapid gastric emptying proved to be discrimi-
native. The different plasticizers applied in the coating process
appeared to affect the onset of dissolution, while the hydro-
philicity of the inactive ingredients affected the dissolution rate
by altering the wettability of the tablet cores.

Applying the new method with longer acidic treatment
resulted in later onset and slower rate of post-gastric drug
release for all formulations. Considering the high variability
of in vivo gastric residence times, performing the dissolution
with both alternatives of the new method may be necessary
to lower the risk of bioinequivalence of similar generic drug
candidates.

Based on the relationship between the in vitro dissolution
and the limited available bioequivalence data, and the in-
creased discriminating power of the new dissolution method,
an enhanced in vivo predictivity can also be assumed.

Overall, we conclude that the new method can be a good
alternative for reaching a better understanding of the post-
gastric behavior of enteric-coated formulations which is essen-
tial to get appropriate information on intestinal release and
bioavailability.
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Table VI In Vivo Results of
Available Clinical Studies in Fasting
Conditions

Test formulation Reference formulation Study ID PK parameter Test/ref ratio

ASA Krka 100 mg Aspirin Protect 100 mg 091B13 Cmax 1.16 (CI 0.92–1.48)

AUC 1.16

Asactal 100 mg Aspirin Protect 100 mg 1267/07 Cmax 1.22 (CI 1.03–1.43)

AUC 1.18 (CI 1.05–1.33)

1321/07 Cmax 0.76 (CI 0.65–0.89)

AUC 0.98 (CI 0.88–1.10)

1747/08 Cmax 1.24 (CI 1.04–1.47)

AUC 1.12 (CI 0.97–1.29)
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Abstract: The purpose of this study was to investigate the applicability of the Gastrointestinal
Simulator (GIS), a multi-compartmental dissolution model, to predict the in vivo performance of
Biopharmaceutics Classification System (BCS) Class IIa compounds. As the bioavailability enhance-
ment of poorly soluble drugs requires a thorough understanding of the desired formulation, the
appropriate in vitro modelling of the absorption mechanism is essential. Four immediate release
ibuprofen 200 mg formulations were tested in the GIS using fasted biorelevant media. In addition
to the free acid form, ibuprofen was present as sodium and lysine salts in tablets and as a solution
in soft-gelatin capsules. In the case of rapid-dissolving formulations, the dissolution results indi-
cated supersaturation in the gastric compartment, which affected the resulting concentrations in
the duodenum and the jejunum as well. In addition, a Level A in vitro–in vivo correlation (IVIVC)
model was established using published in vivo data, and then the plasma concentration profiles
of each formulation were simulated. The predicted pharmacokinetic parameters were consistent
with the statistical output of the published clinical study. In conclusion, the GIS method was found
to be superior compared to the traditional USP method. In the future, the method can be useful
for formulation technologists to find the optimal technique to enhance the bioavailability of poorly
soluble acidic drugs.

Keywords: multi-compartmental dissolution; solubility; supersaturation; IVIVC; ibuprofen; BCS
Class IIa

1. Introduction

The formulation of poorly soluble drug substances into dosage forms with proper
pharmacokinetics is a challenge for both original drug discovery and generic/value-added
generic drug development. As the number of drug candidates is shifting towards high
lipophilicity and poor water solubility, the importance of formulation strategies to en-
hance bioavailability is increasing [1]. In the case of BCS Class II (low solubility and high
permeability) drugs, improved absorption can be achieved by increasing the dissolution
rate of the formulation [2,3]. For this purpose, salt formation with the drug substance is
perhaps the most common approach; however, pre-dissolving the drug in a lipid-based
formulation, applying amorphous structures, or reducing particle size are also well-known
techniques [4–6].

The in vitro dissolution testing is an important tool for characterizing the biopharma-
ceutical properties of a drug product at different stages throughout its life cycle. Compliance
with the dissolution requirements ensures that the finished drug product is consistent with
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the release rates of the active pharmaceutical ingredient (API) as determined in bioavail-
ability studies during the clinical trials [7]. The results obtained need to be independent of
the testing laboratory, therefore, reproducible methods in standardized equipment are to be
used. Immediate-release drug products are generally tested in apparatus I and apparatus
II, specified by the United States Pharmacopoeia (USP) [8]. However, such methods are
usually not sufficient to represent the complex physiology of the gastrointestinal system. If
the aim is to support pharmaceutical development by understanding the in vivo effect of
different formulation techniques, the usage of advanced in vitro biopharmaceutics models
may be necessary.

In order to achieve better predictivity, pharmaceutical scientists made great efforts
to develop dynamic multi-compartmental dissolution systems [9]. A two-compartmental
artificial stomach duodenal model (ASD) was published by Vatier et al. for the evaluation
of the effect of antacids [10]. The ASD has also been used to aid formulation develop-
ment and crystal form selection [11,12]. To date, several more complex systems have
been reported in the literature, such as TNO gastro-Intestinal Model (TIM) [13], Dynamic
Gastric Model (DGM) [14], and Human Gastric Simulator (HGM) [15]. Based on the ASD
system, Takeuchi et al. developed the Gastrointestinal Simulator (GIS), which is a three-
compartmental model consisting of a gastric, a duodenal, and a jejunal chamber connected
by peristaltic pumps. The transfer rates (representing the gastric-emptying rate) were deter-
mined using propranolol and metoprolol model compounds by comparing the dissolution
results with clinical data [16]. The GIS was successfully applied in several studies to predict
the in vivo performance of drugs, investigate the supersaturation phenomena, or evaluate
the possible drug-drug interaction with acid-reducing agents [17–21]. In order to achieve
better in vitro–in vivo correlation (IVIVC), some of the models are combined with in silico
simulations. The published studies focused primarily on BCS Class IIb (and BCS Class IIc)
compounds. Despite the promising results achieved with the GIS system, to the best of our
knowledge, poorly soluble acidic drugs (BCS Class IIa) have not yet been studied.

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are well-known for their anti-
inflammatory activities and analgesic, antipyretic effects [22]. In the case of analgesic
indication, the patient’s interest is to achieve the onset of pain relief as fast as possible [23],
which is reported to be in direct correlation with the serum concentration of the active
substance [24]. In general, the majority of NSAIDs have an acidic moiety (carboxylic acid,
enol), with pKa in the 3–5 range, attached to a planar, aromatic/heteroaromatic functional-
ity [25]. The most widely used NSAIDs, such as diclofenac, ibuprofen, and naproxen, are
classified as BCS Class IIa drugs [26–28]. These compounds are typically poorly soluble
in the acidic gastric media, where the molecules are mostly present in an unionized free
acid form. However, due to the ionization, they dissolve at the higher pH of the small
intestinal fluids, which, together with high permeability, results in complete or almost
complete absorption [26]. Ibuprofen is one of the most common analgesic/antipyretic
agents. It is available in over-the-counter (OTC) strengths (100 mg and 200 mg) and pre-
scription strengths (400 mg, 600 mg and 800 mg) as well. In case of OTC dosing, adults
and children over 12 years old are advised to take 1 to 2 tablets (i.e., 200 mg to 400 mg)
by mouth every 4 to 6 h while symptoms last; the maximum daily dose should not exceed
six tablets (1200 mg) in 24 h [29]. In addition to the conventional tablet form, ibuprofen is
marketed as different rapid-dissolving formulations (e.g., soft-gelatin capsules and tablets
containing sodium or lysinate salts of the API). The rapid onset of the analgesic effect as
well as the higher absorption rate of rapid-dissolving formulations, is discussed by several
in vivo studies [24,30,31]. Legg et al. published the results of a five-period, crossover
pharmacokinetic study in which fasted subjects received five different 400 mg ibuprofen
dose equivalent formulations (as 2 × 200 mg tablets/capsules). According to the statistical
analysis, ibuprofen-sodium and ibuprofen-lysinate, as well as Advil soft-gelatin capsules,
were absorbed significantly faster but to a similar extent to standard ibuprofen formula-
tions [23]. In a recent study, Cámara-Martinez et al. tested two different formulations
containing ibuprofen in USP II dissolution apparatus. The tests were carried out using
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different phosphate and maleate buffers with and without acidic pre-treatment of the
tablets. Based on the results, they found the acidic pre-treatment to be important to find
proper correlation with in vivo results [32].

The aim of this study was to investigate the applicability of multi-compartmental
dissolution methods to predict the in vivo performance of BCS Class IIa compounds. For
this purpose, different conventional and rapid-dissolving ibuprofen 200 mg formulations
were tested using the GIS system with biorelevant dissolution media. The formulations
were also dissolved with the quality control method of ibuprofen tablets according to
USP [33], and the predictivity of each method was evaluated. To better understand the
dissolution results, the pH-dependent equilibrium solubility of the API in Britton-Robinson
(BR) buffers and the equilibrium solubility in biorelevant media were also determined
using the saturation shake-flask method. Moreover, a Level A IVIVC model was established
based on the GIS dissolution profiles and the clinical data published by Legg et al. [23].

2. Materials and Methods
2.1. Materials

Four commercially available immediate release ibuprofen-containing products were
investigated. The formulations were purchased from pharmacies in the United States and
Hungary. The tested products and their active ingredients are listed in Table 1.

Table 1. Dosage form and active ingredients of the tested products.

Product Manufacturer API Form Abbreviation

Advil 200 mg
coated tablets

Pfizer Consumer Healthcare,
Madison, NJ, USA ibuprofen free acid IBU

Advil 256 mg
film-coated tablets

Pfizer Consumer Healthcare,
Madison, NJ, USA ibuprofen sodium IBU-Na

Dolowill RAPID 342
mg film-coated tablets

Goodwill Pharma,
Szeged, Hungary ibuprofen lysinate IBU-Lys

Advil ULTRA 200 mg
soft-gelatin capsules

Pfizer Consumer Healthcare,
Madison, NJ, USA

Ibuprofen
in solution IBU-lq

Ibuprofen drug substance was purchased from Sigma–Aldrich (Burlington, VT, USA).
All chemicals used were of analytical grade. The following chemicals were used: sodium-
hydroxide; sodium-chloride; sodium dihydrogen phosphate monohydrate; hydrochloric
acid; (Molar Chemicals Kft., Budapest, Hungary); acetonitrile (PanReac AppliChem, Darm-
stadt, Germany); phosphoric acid; (Emsure ACS. Reag. Ph. Eur., Budapest, Hungary); SIF
powder (BiorelevantTM, London, UK); and Pepsin (Sigma–Aldrich, Burlington, VT, USA).

2.2. Equilibrium Solubility Measurements

The saturation shake–flask method was used to determine the equilibrium solubility
of the API [34,35]. The measurements were carried out at 37 ± 0.1 ◦C. Ibuprofen was
added in an excess amount (100–600 mg) to 3–5 mL solvent in a stoppered flask. In case
it was necessary, the pH was adjusted to the initial value with 1M NaOH solution after
1 h. The flasks were then placed in a GFL 1092 type shaking water bath (GFL GmbH,
Burgwedel, Germany) and shaken at 150 rpm for 6 h. The agitation phase was followed by
18 h sedimentation at controlled temperature. A total of 3 aliquot (10–100 µL) samples were
then taken from the saturated solution and diluted to the required extent (2–250x) with
the tested medium. The concentration was measured by UV spectroscopy at λmax: 264 nm.
The UV detection was chosen because of its simplicity, taking into account the literature
recommendations [35]. In each medium, the solubility experiments were performed in
triplicate. The pH dependence of solubility was determined in BR buffers (a mixture of
0.04 M boric acid, 0.04 M phosphoric acid, and 0.04 M acetic acid titrated to the desired pH
with 0.2 M sodium-hydroxide) in the pH range 2–8 (pH = 2.0; 4.0; 6.0; 7.0; 8.0) and in 1 M
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NaOH (pH = 14). The equilibrium solubility was also investigated in biorelevant media
modelling gastric and small intestinal fluid in a fasted and fed state with and without
solubilizing agents (pepsin or lecithin and bile acid salts). The tested biorelevant media
were Blank FaSSGF, FaSSGF, Blank FaSSIF, FaSSIF, FeSSGF-acetate (without milk), Blank
FeSSIF, and FeSSIF. The solutions were prepared according to the media preparation tool of
biorelevant.com [36].

2.3. Dissolution Testing

The dissolution tests were carried out using an Agilent 708 DS dissolution apparatus
(Agilent Technologies, Inc., Santa Clara, CA, USA). The media were thermostated at
37 ± 0.5 ◦C. Each formulation in each method was tested on six parallel samples.

2.3.1. USP Dissolution Method

The tests were performed in a USP II (paddle) apparatus. The dissolution medium
was pH 7.2 ± 0.5 phosphate buffer solution prepared by dissolving 6.89 g NaH2PO4.H2O
in 1 L distilled water, and the pH was adjusted with 3 M NaOH solution. The samples
were placed into a 900 mL medium and stirred at 50 rpm. Samples at 5, 15, 30, 45, and
60 min were taken into HPLC vials via autosampling. The volume of each sample was
~1.2 mL. The sampling cannulas were equipped with 10 µm PVDF full-flow filter tips
(Agilent Technologies, Inc., Santa Clara, CA, USA).

2.3.2. GIS Dissolution Method

The GIS was implemented in a dissolution apparatus equipped with 250 mL small-
volume vessels, according to Chinese Pharmacopoeia [37]. The system consisted of three
main compartments (250 mL vessels) modelling the stomach, duodenum, and jejunum.
The vessels were connected to each other by Gilson Minipuls 3-type peristaltic pumps
(Gilson Inc., Middleton, WI, USA). At the beginning of the test, 50 mL pH1.6 gastric fluid
and 250 mL water were poured into the stomach, 50 mL pH 6.5 intestinal fluid into the
duodenum, and the jejunal chamber was left empty. Two additional vessels were used to
model the inner fluid secretion into the stomach (pH 1.6 gastric fluid) and the duodenum
(pH 6.5 intestinal fluid concentrate), both the stomach and duodenum had a flow rate of
1 mL/min. The biorelevant dissolution media were prepared, and the tests were conducted
with and without biomolecules (pepsin, SIF powder). The composition of the applied
buffer solutions is summarized in Table 2.

Table 2. Preparation of 1 L buffer solutions for GIS dissolution.

Blank Biorelevant Media Biorelevant Media

Blank
FaSSGF

Blank
FaSSIF

Blank
FaSSIF conc.

Full
FaSSGF

Full
FaSSIF

Full
FaSSIF conc.

NaCl 2.00 g 6.19 g 40.24 g 2.00 g 6.19 g 40.24 g

NaOH - 0.40 g 2.60 g - 0.40 g 2.60 g

NaH2PO4. H2O - 3.96 g 25.74 g - 3.96 g 25.74 g

SIF powder - - - 0.06 g 2.25 g 14.63 g

Pepsin - - - 0.10 g - -

pH
adjustment

cc. HCl:purified
water = 1:1 1M NaOH - cc. HCl:purified

water = 1:1 1M NaOH -

The tested formulation was dropped into the gastric chamber, and the media were
stirred at 50 rpm using rotating paddles. The applied flow rates were 5.5 mL/min from
the gastric to the duodenal and 6.5 mL/min from the duodenal to the jejunal chamber, as
suggested by Takeuchi et al. [16]. Samples from the compartments were taken manually
every 5 min during the 45-min duration of the tests. The duration was limited by the initial

biorelevant.com
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fluid volume and the gastric emptying rate. Each sample was filtered through Acrodisc®

syringe filters (d = 13mm) with 0.45 µm GHP membrane (Pall Co., Port Washington, NY,
USA). The volume of each sample was ~0.5 mL. The schematic diagram of the GIS system
is shown in Figure 1.
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2.4. Determination of Dissolved Drug Content by High-Performance Liquid
Chromatography (HPLC)

Waters Acquity-type UPLC device (Waters, Milford, MA, USA) was used to deter-
mine the amount of dissolved drug in the solutions. For this purpose, Waters Acquity
BEH C18 1.7 µm (2.1 × 50 mm)-type UPLC column was used. The mobile phase was
acetonitrile:H2O:cc.H3PO4 = 450:550:1, and the flow rate was 0.7 mL/min. The mode of
separation was isocratic. External calibration by five consecutive injections of a standard
solution containing the concentration of API corresponding to the approximated concen-
tration of 100% dissolution was applied. The calibration was controlled by the injection
of the control standard solution containing the same nominal concentration, followed
by the injection of the sample solutions. The absorbance was detected at 214 nm. For
standard preparations, accurate measurements were achieved using a Mettler Toledo XP 26
microanalytical balance (Mettler Toledo, Columbus, OH, USA). The sample concentrations
in mg/L were calculated using the dilution factor of the standard and the sample solutions
and the peak areas of the sample solutions. The chromatographic conditions for each test
preparation were the same as the column used for the measurement.

2.5. In Vitro In Vivo Correlation (IVIVC)

A Level A IVIVC model was developed using the IVIVC Toolkit 8.3. of Phoenix Win-
Nonlin 8.3.4.295 for Windows (Certara, St. Louis, MO, USA). In vivo data were obtained by
digitizing the mean plasma concentration profiles of four different ibuprofen formulations
from a fasted state crossover pharmacokinetic study published by Legg et al. [23]. The
administered formulations were identical to that of Table 1, except for IBU-Lys. In the
case of IBU-Lys, Nurofen Express 342 mg caplets (Reckitt Benckiser, Slough, Berkshire,
UK) were administered, the manufacturer of which differed from the formulation used
in the in vitro studies. However, the salt form of the active ingredient was the same. A
two-compartmental pk model (model 14 of pK tab) was then fitted to the data of each
formulation. The gained parameters of Advil 200 mg tablets were implemented to the unit
impulse response (UIR) function, and the fitted plasma concentration curve was decon-
volved, resulting in the calculated fraction absorbed profile. The cumulative dissolution
data of the duodenal and jejunal compartments of the GIS measured in blank biorelevant
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media were fitted with the Weibull equation. The in vitro fraction dissolved and in vivo
fraction absorbed of Advil 200 mg tablets were correlated using the Levy plot. Based on the
calculated correlation and UIR function, the plasma concentration profile of each formula-
tion was simulated from the fitted dissolution profiles. Finally, the plasma concentrations
predicted from the model and the observed data were compared.

3. Results and Discussion
3.1. Thermodynamic Equilibrium Solubility Measurements
3.1.1. pH-Dependent Solubility

The pH-dependent solubility (SpH) of ibuprofen was tested at 5 different pH values
in the pH 2–8 range using BR buffer solutions. Additionally, the solubility of the fully
ionized form was determined in 1M NaOH solution. The results obtained are summarized
in Table 3, and the solubility/pH profile is shown in Figure 2.

Table 3. The pH-dependent equilibrium solubility of ibuprofen at 37 ◦C.

pH SpH ± SD (µg/mL) 1 logSpH (mol/L)

1.92 70.8 ± 3.0 −3.46

3.96 124 ± 13 −3.22

5.95 1910 ± 70 −2.03

7.17 32,033 ± 4135 −0.81

8.02 300,000 ± 6500 0.16

14 734,000 ± 30,500 0.55
1 the results at each pH are the mean of 3 parallel measurements.
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As expected from a weak acid compound with pKa: 4.45, the solubility of ibuprofen
is increasing according to the Henderson–Hasselbalch relationship in the pH 2–8 range
and reaches a plateau at a higher pH due to the salt formation [38]. Below pH 5, the
solubility is low, therefore, it can be assumed that from the formulations, the API can only
partially dissolve in acidic gastric media. The measured equilibrium solubility in pH 2.0
BR buffer (logS = −3.46 mol/L) is consistent with the literature intrinsic solubility data
(logS0 = −3.62) [39]. The small difference might be explained by the fact that the literature
data were measured at 25 ◦C and that at pH 2.0, the molecules are mostly—but not totally—
unionized; thus, a slightly higher value is expected compared to the intrinsic solubility.

3.1.2. Solubility in Biorelevant Media

The equilibrium solubility values in biorelevant media are listed in Table 4.
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Table 4. Equilibrium solubility of ibuprofen in biorelevant media at 37 ◦C.

Solvent SpH ± SD (µg/mL) 1

FaSSGF blank, pH 1.6 56.3 ± 0.6

FaSSGF, pH 1.6 56.0 ± 0.5

FeSSGF-acetate, pH 4.5 194 ± 2

FeSSIF blank, pH 5.0 416 ± 12

FeSSIF, pH 5.0 2103 ± 56

FaSSIF blank, pH 6.5 2513 ± 15

FaSSIF, pH 6.5 3160 ± 31
1 the results at each pH are the mean of 3 parallel measurements.

Solubility data in biorelevant media are in accordance with results measured in BR
buffers, showing that the pH significantly affects the solubility of ibuprofen. Changing
the pH from 1.6 to 4.5, 5.0, and 6.5 results in a 3.4-fold, 7.4-fold, and 44.6-fold increase
in solubility, respectively. Pepsin has no effect on solubility at gastric pH. However, the
solubilizing effect of natural surfactants of the small intestine further increases the solubility:
FaSSIF/FaSSIF blank 1.3-fold; and FeSSIF/FeSSIF blank 5-fold. In the case of FeSSIF, a
greater solubilizing effect was observed, which can be explained by the higher concentration
of taurocholate and lecithin.

3.2. Dissolution Results Obtained by the USP Method

The USP individual monograph of ibuprofen tablets suggests the dissolution of the
formulations at pH 7.2 using USP II (Paddle) apparatus with 50 rpm [33]. The average
dissolution profiles of each formulation (1 × 200 mg dosage unit per vessel) are presented
in Figure 3.
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According to the USP method, IBU and IBU-Na dissolved rapidly, as more than 85%
of the drug substance dissolved in 15 min. The mean dissolved amount of IBU-lq was less
than 85% in 15 min, however, its dissolution profile can be considered statistically similar
to IBU based on the calculated similarity factor (f2 = 55). The dissolution rate of IBU-Lys
was found to be significantly slower than that of IBU (f2 = 37). Overall, the USP method
was unable to discriminate between rapid-release and standard ibuprofen formulations.
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3.3. Dissolution Results Obtained by GIS Method

Since it is advised to take 1 to 2 tablets of the 200 mg dose strength formulations,
400 mg dose equivalents were administered in the published pharmacokinetic study, and
the in vitro dissolution of IBU 1 × 200 mg tablets vs. 2 × 200 mg tablets was compared
in blank biorelevant media. The average dissolution profiles in each compartment are
presented in Figure 4.
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Figure 4 shows that only a small amount of the API was dissolved in the stomach.
Both dissolution profiles reached a maximum after 15 min, then a slow decrease was
observed. The maximum of the curve represents the time when the gastric emptying rate
of the API equals the dissolution rate. The difference in the percentage dissolved in the
later stage of the test can be explained by reaching the equilibrium solubility limit (the
different percentages belong to similar concentrations). The dissolution in the duodenum
is determined by the composition of the suspension (dissolved API and suspended solid
particles) entering the gastric chamber. Due to the higher equilibrium solubility in pH 6.5
blank FaSSIF (~2.5 mg/mL), the transferred solid particles are expected to dissolve. A dose-
proportional dissolution profile was observed in this compartment and the jejunum. Since
most of the absorption takes place in the upper small intestine, linear pharmacokinetics
may be assumed based on the dissolution results.

The GIS dissolutions in blank biorelevant media were also performed with the other
formulations. Figure 5 shows the obtained concentration profiles in the gastric compartment.
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The results show that rapid-release products form supersaturated solutions that pre-
cipitate over time. By the end of the measurement, the concentration of the API approaches
the equilibrium solubility (SBlankFaSSGF = 56.3 mg/L) for all formulations. The degree of
supersaturation is similar in the case of salt forms (IBU-Na: ~2.5× and IBU-Lys: ~2.3×)
and somewhat less in the case of soft-gelatin capsules (IBU-lq: ~1.8×). The onset of release
is delayed by ~5 min for IBU-lq, which is due to the disintegration of the capsule shell
based on visual observation. The lack of supersaturation of IBU (free acid in conventional
tablets) suggests that the obtained result of rapid-release products is a consequence of the
applied formulation techniques (salt formation or pre-dissolved API).

Figure 6 shows the dissolution curves in the duodenal chamber (a) compared to the
first 45 min of the published clinical results (b) [23].
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Figure 6. GIS duodenal dissolution in blank biorelevant media (a) vs. fasting BA study results
(b) [23].

Based on the dissolution profiles of Figure 6a, the effect of gastric supersaturation
results in a higher dissolved amount in the duodenum as well. All three rapid-release
products reach a higher maximum concentration compared to the standard IBU formulation,
which is consistent with the in vivo results. The plateau of IBU-Lys is slightly higher than
that of IBU-Na and IBU-lq, which, however, was not experienced in vivo. It should be
noted, though, that the formulations containing ibuprofen-lysinate salt tested in the in vitro
and in vivo studies came from different manufacturers. In the case of IBU-lq, the delay in
the onset of dissolution experienced in the gastric chamber persists in the duodenum and
also appears in vivo.

The absorption of the API is expected in the entire upper small intestine, therefore,
the sum of dissolution in the duodenum and jejunum compartments may correlate with
the in vivo performance of the formulations. Thus, the results were also evaluated in
this way. In addition to the GIS dissolutions in blank biorelevant media, the tests were
also carried out in biorelevant media containing biomolecules. The obtained results are
compared in Figure 7. The dissolution in the jejunum itself showed a very similar ten-
dency to that of the sum of the two chambers. The results are shown in Figure S1 in the
Supplementary Materials.

According to Figure 7, regardless of the addition of biomolecules, the dissolution rate
of rapid-release formulations is higher than that of IBU (conventional tablet). The applied
natural surfactants have only a small effect on the dissolution, which indicates that the
increase in solubility (owing to the ionization caused by the pH shift between the stomach
and the duodenum) is sufficient to dissolve the entering suspension. In general, the small
intestinal dissolution of BCS Class IIa drugs in fasted conditions is expected to be much
more influenced by the pH change (i.e., ionization) than by the presence of biomolecules
(solubilizing effect). These findings are in agreement with previous study results [40]. The
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simplification of biorelevant buffers by omitting the addition of biomolecules may be a
cost-effective way of the GIS analysis without affecting the predictivity of the method.
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Overall, the GIS results highlighted a complex process leading to enhanced absorption
of rapid-dissolving ibuprofen formulations: The initial supersaturation is followed by
precipitation in the acidic stomach; however, the continuous emptying of the supersaturated
suspension resulted in a higher dissolution rate at the higher pH of the duodenum and
the jejunum. The multi-compartmental design, as well as the appropriate modelling of the
gastrointestinal pH conditions and fluid volumes, were essential to achieve the desired
predictivity. In contrast, the USP dissolution method using a high volume of pH 7.2
phosphate buffer to ensure sink condition was unable to differentiate between conventional
and enhanced bioavailability formulations.

3.4. Establishment of the IVIVC Model

IVIVC is a predictive mathematical model describing the relationship between an
in vitro property and a relevant in vivo response. Level A correlation, which represents a
point-to-point relationship, is considered to be the most informative and is recommended
by the authorities whenever possible [41]. The IVIVC model was established to justify the
predictivity of the GIS method. The correlation was built on the in vitro and in vivo data of
IBU (internal batch), and then the plasma profiles of the other formulations were simulated
based on the dissolution results (external batches).

3.4.1. Analysis of In Vivo Data

The mean plasma concentrations of the fasting crossover pharmacokinetic study
published by Legg et al. [23]. were first digitized and then fitted using the pK module
(Model 14: two-compartmental pK model) of the WinNonLin IVIVC Toolkit. The in vivo
profiles are presented in Figure 8.

The estimated parameters of the model describing the plasma profile of IBU were
applied as input parameters to calculate the UIR function. The estimated parameters
were A1 = 50.32, A2 = 0.007514, alpha1 = 0.004773, and alpha2 = 0.004006. The UIR
function enabled the deconvolution of plasma concentration profiles, resulting in the
fraction absorbed curves, which are shown in Figure 9.
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3.4.2. Fitting of In Vitro Dissolution Data

The sum of the amount of dissolved curves in the duodenum and jejunum chambers of
the GIS using blank biorelevant media was fitted with the Weibull function. The estimated
parameters of the functions are listed in Table 5.

Table 5. Estimated parameters of the Weibull functions.

Formulation B MDT (min)

IBU 1.759 71.55

IBU-Na 1.786 48.23

IBU-Lys 2.087 44.55

IBU-lq 2.274 52.18

The calculated dissolution profiles fitted to the average data are shown in Figure 10.
Based on Figure 10, the calculated curves fit the experimental data well, however,

extrapolation is required to describe the whole dissolution profile. Therefore, this phase of
the profiles has a greater uncertainty. Comparing the in vitro (Figure 10) and the in vivo
(Figure 9) data, it appears that there is a slightly greater difference in the absorption rate
between IBU and the rapid-release formulations than in the observed dissolution rate.



Pharmaceutics 2023, 15, 753 12 of 16

Pharmaceutics 2023, 15, x FOR PEER REVIEW 12 of 16 
 

 

Table 5. Estimated parameters of the Weibull functions. 

Formulation B MDT (min) 

IBU 1.759 71.55 

IBU-Na 1.786 48.23 

IBU-Lys 2.087 44.55 

IBU-lq 2.274 52.18 

The calculated dissolution profiles fitted to the average data are shown in Figure 10. 

 

Figure 10. Fitted dissolution data using the Weibull function. 

Based on Figure 10, the calculated curves fit the experimental data well, however, 

extrapolation is required to describe the whole dissolution profile. Therefore, this phase 

of the profiles has a greater uncertainty. Comparing the in vitro (Figure 10) and the in vivo 

(Figure 9) data, it appears that there is a slightly greater difference in the absorption rate 

between IBU and the rapid-release formulations than in the observed dissolution rate. 

3.4.3. Correlation 

The in vitro dissolution (from Weibull fitting) and the in vivo absorption (from de-

convolution) of IBU were correlated using the Levy plot. The times corresponding to nom-

inally the same dissolution (tVitro) and absorption (tVivo) were plotted, and the relationship 

was estimated using linear regression. The Levy plot is presented in Figure 11. 

 

Figure 11. The Levy plot of IBU. 

Figure 10. Fitted dissolution data using the Weibull function.

3.4.3. Correlation

The in vitro dissolution (from Weibull fitting) and the in vivo absorption (from decon-
volution) of IBU were correlated using the Levy plot. The times corresponding to nominally
the same dissolution (tVitro) and absorption (tVivo) were plotted, and the relationship was
estimated using linear regression. The Levy plot is presented in Figure 11.
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3.4.4. Simulation of Plasma Concentration Profiles

Based on the estimated correlation, we calculated the absorption curves from the
dissolution of the formulations and then convolved using the UIR function, which resulted
in the plasma concentration profiles. The simulated profiles are shown in Figure 12.

The Cmax values and their ratio compared to IBU from the statistical analysis of the
individual plasma concentration profiles, the mean curves, and the IVIVC prediction is
summarized in Table 6.

According to the summarized Cmax values, the ratios predicted based on IVIVC
correlate more with the statistical analysis of the individual profiles than with the ratio
of the mean profiles. The statistical output of a clinical study provides the most relevant
description of the differences between the formulations of interest, however, mean profiles
are usually used for modelling purposes in the absence of published individual data. The
simulation of the plasma concentration profiles using the established IVIVC model was
able to predict the enhanced absorption rate of the rapid-dissolving ibuprofen formulations.
Higher Cmax and lower tmax values were obtained compared to IBU. For both parameters,
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the differences were slightly underestimated. The rapid-release formulations were found
to be similar to each other, which is also consistent with the in vivo data.

Table 6. Observed [23] vs. predicted pharmacokinetic data of ibuprofen formulations.

Clinical Data
Statistical Analysis of Individual Profiles

Clinical Data
Mean Plasma conc. Profiles

IVIVC Prediction
from GIS Dissolution

Formulation Cmax Ratio tmax Cmax Ratio Cmax Ratio tmax

IBU 37.70 N/A 82.1 28.25 N/A 37.80 N/A 81.7

IBU-Na 47.00 1.25 35.2 44.00 1.56 41.00 1.09 60.5

IBU-Lys 49.90 1.32 35.1 42.75 1.51 42.40 1.12 61.4

IBU-lq 46.80 1.24 40.0 39.00 1.38 42.20 1.12 60.5
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4. Conclusions

The advanced in vivo predictivity of the GIS system for BCS Class IIb and Class
IIc compounds has previously been studied in the literature. In the present paper, the
better in vivo predictivity of the method was also demonstrated for immediate release
formulations containing BCS Class IIa compounds, to which less attention was paid before.
The key factors resulting in the superiority of the GIS compared to the USP method were
the multi-compartmental design, the biorelevant fluid volumes and the pH change, which
enabled the modelling of the complex mechanism behind the advanced absorption of rapid-
dissolving ibuprofen formulations. It was found that pre-dissolving or salt formation of
poorly soluble acidic compounds leads to temporary supersaturation in an acidic medium,
which, thanks to the continuous gastric emptying, affects the resulting concentration in
the upper small intestine as well. Both dissolution and solubility results indicated that the
role of gastrointestinal pH conditions in the in vivo dissolution of poorly soluble, acidic
drug substances is more significant compared to the solubilizing effect of biomolecules.
In conclusion, the multi-compartmental GIS model using blank biorelevant media was
found efficient in predicting the in vivo performance of ibuprofen formulations. Predicting
the in vivo behaviour and providing a better understanding of the absorption process can
both contribute to the successful development of enhanced bioavailability formulations
containing BCS Class IIa drugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15030753/s1, Figure S1: GIS jejunal dissolution in
blank biorelevant media.
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API Active pharmaceutical ingredient
ASD Artificial stomach duodenal model
BCS Biopharmaceutics Classification System
BR Britton–Robinson
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GIS Gastrointestinal Simulator
HPLC High-Performance Liquid Chromatography
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NSAID Non-Steroidal Anti-Inflammatory Drug
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Abstract: The present work evaluates the food effect on the absorption of rivaroxaban (Riva), a
BCS II drug, from the orally administered commercial immediate-release tablet (Xarelto IR) using
physiologically based pharmacokinetic (PBPK) and conventional in vitro–in vivo correlation (IVIVC)
models. The bioavailability of Riva upon oral administration of Xarelto IR tablet is reported to
exhibit a positive food effect. The PBPK model for Riva was developed and verified using the
previously reported in vivo data for oral solution (5 and 10 mg) and Xarelto IR tablet (5 and 10 mg
dose strength). Once the PBPK model was established, the in vivo performance of the tablet formu-
lation with the higher dose strength (Xarelto IR tablet 20 mg in fasted and fed state) was predicted
using the experimentally obtained data of in vitro permeability, biorelevant solubility and in vitro
dynamic dissolution data using United States Pharmacopeia (USP) IV flow-through cell appara-
tus. In addition, the mathematical IVIVC model was developed using the in vitro dissolution and
in vivo profile of 20 mg strength Xarelto IR tablet in fasted condition. Using the developed IVIVC
model, the pharmacokinetic (PK) profile of the Xarelto IR tablet in fed condition was predicted and
compared with the PK parameters obtained via the PBPK model. A virtual in vivo PK study was
designed using a single-dose, 3-treatment cross-over trial in 50 subjects to predict the PK profile of
the Xarelto®IR tablet in the fed state. Overall, the results obtained from the IVIVC model were found
to be comparable with those from the PBPK model. The outcome from both models pointed to the
positive food effect on the in vivo profile of the Riva. The developed models thus can be effectively
extended to establish bioequivalence for the marketed and novel complex formulations of Riva such
as amorphous solid dispersions.

Keywords: in vitro–in vivo correlation; physiologically based pharmacokinetic model; BCS Class II;
Rivaroxaban; Xarelto; food effect; population kinetics

1. Introduction

Developing and deploying approaches that enable predicting the in vivo efficacy
and safety profile of pharmaceutical drug products enormously expedite the product and
process development effort as well as reduce the need for expensive clinical studies. For
solid oral dosages, a thorough biopharmaceutical characterization at the in vitro level, such
as solubility and dissolution testing using biorelevant media, study of food–formulation
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interaction, in vitro membrane permeability and drug transport studies etc., provides the
input data for in vivo absorption prediction. In recent years, prominent progress has been
made in the in vitro biopharmaceutics profiling as well as in silico modeling for solid drug
products [1]. A set of biorelevant and clinically relevant in silico models are expected to
account for the critical formulation and physiological factors to facilitate the correlation
between in vitro drug dissolution and in vivo pharmacokinetic profiles.

A widely accepted approach to assess the correlation between in vitro dissolution
and in vivo bioavailability of an immediate-release (IR) drug product is based on the
Biopharmaceutics Classification System (BCS). The BCS categorizes drug substances into
one of four classes based on their solubility and permeability. In general, BCS Class I (highly
soluble and highly permeable) drugs are well-absorbed. The rate-limiting step to absorption
is dissolution or gastric emptying. In vitro–in vivo correlation (IVIVC) is expected if
dissolution rate is slower than gastric emptying rate. In the case of IR drug products
containing BCS Class II drug substance (dissolution as a rate-limiting step for absorption),
conventional IVIVC can be used to establish the (cor)relation between the in vitro drug
release and in vivo plasma concentration. Dissolution media and methods that reflect the
in vivo controlling process are particularly important in this case if good in vitro–in vivo
correlations are to be obtained. For BCS Class III drugs (for which permeability is the
rate-limiting step for absorption), limited or no IVIV correlation is expected with the
dissolution rate. Drug products containing BCS Class IV drug substance (low solubility
and low permeability) has to be evaluated case by case; however, these drugs exhibit poor
and variable bioavailability [2,3].

IVIVC is a predictive mathematical model describing the relationship between an
in vitro property and a relevant in vivo response. In the case of immediate release dosage
forms, the main objective of an IVIVC is to reduce the number of BE studies via supporting
the optimization of the drug formulation. A Level A IVIVC is usually established by a
two-stage procedure: in vivo absorption is estimated using an appropriate deconvolution
technique (e.g., Wagner-Nelson, Loo-Riegelman, numerical deconvolution) followed by
the comparison of drug absorbed to the fraction of drug dissolved. Even though the
deconvolution method is often applied for regulatory submission, the method is limited to
linear pharmacokinetics (PK) regimen [4].

Alternatively, the mechanistic deconvolution using the physiologically based pharma-
cokinetic (PBPK) modeling popularly known as physiologically based IVIVC (PB-IVIVC) is
nowadays extensively utilized for biopharmaceutics modeling [5,6]. Besides its applicabil-
ity to the nonlinear PK, the PBPK model also considers the different factors governing the
drug release and absorption such as particle size of the API, food effect, pH-dependent sol-
ubility profile, precipitation, gastric emptying time, drug degradation, drug solubilization
in the presence of excess bile acids and permeation across the intestinal membranes [7–10].

In the present work, we established both PB-IVIVC and conventional (numerical)
IVIVC models for the immediate release oral tablet (Xarelto) formulations containing Ri-
varoxaban (Riva), a BCS II anti-coagulant drug. Riva is reported to exhibit dose-dependent
food effects. More precisely, while the lower dose (10 mg) can be taken with or without
food, the highest dose strength tablet (20 mg) should be taken with food to attain the
positive food effect for oral absorption and systemic availability [6]. As per the regu-
latory requirement, clinical trials are required to establish bioequivalence between the
innovator and generic drug products containing the BCS II drug, and especially exhibiting
a food effect. As the critical formulation and drug product information of Riva is still
covered by patent protection and no biowaiver exists, the design of a generic formulation
containing this drug can be a challenge, especially considering the food effect displayed
by the highest dose strength [11,12]. Here, we first developed an in silico PBPK model
using the fasted conditions and low-dose formulations. On the basis of developed models,
the PK profile of Xarelto formulations of the highest dose strength was predicted in fed
conditions. The in vitro permeability of Riva as the pure API alone, and in the reference
formulations (Xarelto® IR tablet) was determined using Caco-2 cell lines. Using combined
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in vitro solubility, dissolution, and permeation data with literature data as the input in the
developed PBPK model, the extent of food effect in vivo on the oral absorption of the drug
was predicted by mimicking the fed state condition using biorelevant media. In addition, a
conventional IVIVC model was established using the two-stage deconvolution method.
The dissolution of Xarelto 20 mg IR tablet in USP IV apparatus was determined both in
fasted and fed biorelevant media. The correlation was built based on the experimental
in vitro dissolution data in fasted media and the mean in vivo plasma concentration profile
in the fasted state obtained from the literature. Thereafter, the correlation was used to
predict the in vivo profile in the fed state based on the in vitro dissolution in fed biorel-
evant media. The predicted results of the IVIVC model were compared with the PBPK
model. Lastly, a virtual bioequivalence trial was performed to assess the performance of
formulation in the fed state taking into consideration the population variability.

2. Materials and Methods
2.1. Chemical and Reagents

The reference formulations (XareltoTM of 20 mg strength IR tablet) were acquired
from the market. Caco-2 cell line was purchased from American Type Culture Collection
(ATCC) (Rockville, MD, USA). Minimal Essential Medium (MEM), fetal bovine serum
(FBS), L-glutamine, trypsin (0.25%)-EDTA (1 mM), and penicillin-streptomycin mixture
were purchased from Sigma (Vienna, Austria). Simulated fluid powders were purchased
from Biorelevant.com Ltd, the UK, for the cell culture studies. Whereas for the solubility
and dissolution studies, the simulated media were prepared using sodium taurocholate,
lecithin and pepsin purchased from Sigma. The milk used for the solubility studies were
purchased from the local market with a natural fat content of 3.5% fat. All other chemicals
were of analytical reagent grade.

2.2. Software

Simulations were performed using the advanced compartmental absorption and tran-
sit model (ACAT) model implemented in the GastroPlusTM (version 9.0., Simulation Plus,
Inc., Lancaster, CA, USA). The ACAT model serves as a bridge between the formulation
performance and PK parameters of the drug products and hence provides a valuable tool
to guide formulation development to achieve the desired quality target product profile.
In addition, the simulations from the ACAT models were verified using the conventional
IVIVC model developed using the IVIVC Toolkit of Phoenix WinNonlin, Certara, NJ, USA.

2.3. Chromatographic Quantitative Analysis

Ultra-High-Performance Liquid Chromatography (UHPLC) was used to quantify Riva
in the samples obtained during in vitro dissolution, solubility, and permeability. A Waters
Acquity H-Class instrument (Milford, CT, USA) equipped with a PDA detector (operating
at a wavelength value of 248 nm) was used. The column used was Acquity UPLC BEH
C18, 1.7 µm, 2.1 mm × 50 mm (Waters), and the mobile phase was 3:7 (v/v) mixture of
acetonitrile and 0.1M Ammonium-acetate buffer. The analysis was performed applying
isocratic elution at the flow rate of 0.5 ml min−1. The injection volume was 2 µL, and the
total run time was 5 min. The dissolved amount of Riva was determined based on the area
under the appropriate peak and using external standard calibration.

2.4. Biopharmaceutical Properties of Riva
2.4.1. Biorelevant Solubility Determination

Equilibrium solubility of Riva was determined in water, fasted state simulated gastric
fluid (FaSSGF), fed state simulated gastric fluid (FeSSGF), fasted state simulated intestinal
fluid (FaSSIF), and fed state simulated intestinal fluid (FeSSIF). All the simulated fluids
(version 01) were prepared fresh on the day of the experiments conducted. In the case of
FaSSIF media, 3 mM and 0.75 mM, and for FeSSIF, 15 mM and 3.75 mM of the sodium
taurocholate and lecithin were used, respectively. The FaSSGF media contain 0.08 mM
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and 0.02 mM sodium taurocholate and lecithin, whereas the FeSSGF media were prepared
using an equivalent amount of milk and monobasic sodium phosphate buffer of pH 5. The
concentration of different components of the media in detail is mentioned in Table S1 of
the Supplementary Materials.

For the solubility determination, an excess amount of the pure drug was added to
5 mL of different simulated fluids. Thereafter, the sample was incubated at RT for 24 h with
gentle shaking at 100 rpm using a rotatory shaker. The samples were then filtered using
0.22 µm syringe filter, and the filtrate was analyzed using UHPLC [13,14]. The solubility
results of Riva obtained in different simulated media were incorporated in GastroPlusTM.

2.4.2. In vitro Dynamic Biorelevant Dissolution

Dynamic dissolution of XareltoTM (20 mg) tablets were carried out using USP Ap-
paratus 4 fitted with 12 mm tablet cell using the media mimicking both the fasted and
fed gastrointestinal state. In the in vitro fasted state, the tablet was exposed to FaSSGF
(pH 1.6) for 0.5 h, followed by exposure of the same tablet to FaSSIF (pH 6.5) for 5.5 h. The
dissolution study was evaluated with 12 replicates. During the dissolution test, samples
were withdrawn at predetermined time points and then filtered with 0.7 µm GF/F disc
filter (Whatman, Maidstone, UK). The in vitro fed state experiments were conducted in
a similar manner to that of the fasted state, using FeSSGF and FeSSIF as dissolution me-
dia. The dissolution media (FaSSGF, FeSSGF, FaSSIF, FeSSIF) were prepared based on the
composition available at https://biorelevant.com/shop/ (accessed on 24 February 2021);
however, enzymes were excluded and SIF powder was replaced by surfactants such as
tween 80 and sodium lauryl sulfate.

2.4.3. In Vitro Caco-2 Permeability Determination

Caco-2 cells (ATCC) were cultured in Minimal Essential Medium (MEM), 20% fetal
bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin at 37 ◦C in humid air
atmosphere containing 5% CO2 in 75 cm2 cell culture flasks. Freshly prepared FaSSIF was
used for the study.

For the transport studies, 0.5 × 106 cells were seeded per 12-well transwell insert
(translucent, 0.4 µm pore size, Greiner Bio-one®). Cells were cultured with 500 µL medium
in the upper compartment and 1500 µL in the lower compartment. The medium was
changed every 2 or 3 days, and transepithelial electrical resistance was measured via
EVOM STX-2-electrode (World Precision Instruments, Florida, USA). The cell monolayers
were used for the experiments, once the resistance reached a transepithelial electrical
resistance (TEER) value of >300 Ω*cm2 (18–21 days) [15,16].

Thereafter, the medium was removed, and the cells were coated with 90 µL gastric
porcine mucin (40 mg/ml in MEM + 10%FBS) for 30 min. A concentration of 10 µM of Riva
and XareltoTM (20 mg) tablets (equivalent to 10 µM of Riva) was used. For the preparation
of XareltoTM (20 mg) samples, the tablets were ground using a mortar, and pestle and
the amount of the formulation containing the desired amount of Riva was dispersed in
FaSSIF and stirred for 30 min at RT. The respective suspensions (510 µL) were applied
to the upper compartment of the transwell and 1500 µL Krebs Ringer buffer added in
the lower compartment. Ten microliters were immediately withdrawn from the apical
compartment to determine the total amount applied. Plates with transwell were incubated
upon agitation for a total of 120 min. One-hundred-microliter samples were taken from the
lower compartment at predetermined time points of 0, 30, 60, 90, and 120 min and replaced
by pre-warmed Krebs-Ringer buffer. In addition, at the end of the experiment, 10 µL of the
upper compartment were collected for the calculation of the recovery rate. TEER values
were measured before and after the transport study to identify potential damage to the
cell layer. The permeability of sodium fluorescein (10 µg/mL) in the Krebs-Ringer buffer
was determined to verify the barrier properties of the Caco-2 monolayer. All samples were
stored at −20 ◦C until further analysis. On the day of analysis, the samples were thawed at
room temperature, and the content was measured using UHPLC.

https://biorelevant.com/shop/


Pharmaceutics 2021, 13, 283 5 of 22

For the determination of the apparent permeability coefficient (Papp), the following
equation was used, where dQ/dt is the flux across the cell monolayer (ng/s), A the surface
of the monolayer (cm2), and C the initial concentration in the donor compartment (ng/mL):

Papp =
dQ

dt × A × c
(1)

2.4.4. Determination of Systemic Disposition Parameters of Riva

The in vivo PK profile of Riva after intravenous administration was not found in
the literature. Therefore, plasma concentration–time profile after 10 mg oral solution
administration under the fasted state was used in the PKPlusTM to obtain the systemic
clearance, volume of distribution, half-life, and distribution constants between the central
and peripheral compartments [17,18]. Models were fitted empirically in the PKPlusTM

employing 1-, 2-, and 3- compartment separately. The Hooke & Jeeves pattern search
method was used during the fitting and the weighing was equal to 1/Yhat2. Akaike
information criterion (AIC) and Schwarz criterion (SC) were used to select the best-fitted
compartment model. The obtained PK parameters were then fixed and employed in the
simulation of solid oral dosage forms.

2.5. Physiologically Based Gastrointestinal Absorption Modeling
2.5.1. Model Compound Parameters

Physiochemical properties of Riva such as molecular weight and lipophilicity were
compiled from the literature (Table 1) [19]. Human duodenum effective permeability (Peff)
was estimated from in vitro CaCo-2 permeability data using the in-built relation present
in the GastroPlusTM. The experimentally obtained values of solubility, particle size, and
dissolution parameters were used.

Table 1. Input parameters of Riva for building the PBPK model in GastroPlusTM.

Physiochemical Parameter Values

Molecular Weight (g/mol) 435.89
logP 1.36
pKa strongest acidic: 13.6strongest basic: 1.6

Solubility vs. pH

water solubility (pH = 7) = 10 µg/mL
pH 1.2, FaSSGF = 11 µg/mL
pH 6.5, FaSSIF = 9.9 µg/ml
pH 5.0, FeSSIF =16.8 µg/ml

Particle Size (Radius) 7.5 µm (Xarelto tablet, 20 mg)
d90 = 9.4 µm; d50 =3.8 µm; d10 =0.7 µm

Caco-2 Permeability
Dissolution Profiles (USP 4)

2.69 ± 0.72 × 10−6 cm/s (Xarelto)
Xarelto IR tablet (20 mg)

2.5.2. Development of In-Silico Physiology Based Gastrointestinal Absorption Model

The ACAT model implemented in GastroPlusTM was used for all the simulations in
the current study. Input parameters for the ACAT model can be categorized into three
classes, i.e., formulation properties (such as particle size distribution, density, and release
profiles of drug products), physicochemical properties of drug substances (such as diffusion
coefficient, lipophilicity, pKa, solubility, and permeability), and pharmacokinetic parame-
ters (such as clearance, the volume of distribution, and the disposition model). All other
parameters were set at default values in GastroPlusTM. The simulations were performed
using the default “Human Physiological-Fasted” and “Opt LogD Model SA/V6.1”, in
order to simulate the plasma concentration profiles of Riva following oral administration of
tablet dose in fed condition. The Opt. LogD SA/V v6.1 model is one of the ACAT models
in GastroPlus software. In the ACAT model, the option “CR Dispersed” was selected using
the USP4 profile to model the release of the drug. Once the drug is released, solubility and
PSD were used to model dissolution of the drug via the Johnson model.
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On the basis of LogD value of the drug molecules, the model can automatically fine-
tune the absorption scale factor for the different compartment of the intestine, resulting in
improved simulation and thus prediction of the regional absorption of the API.

Model Verification

Initially, the predictive power, robustness, and the effect of Absorption Scale Factor
(ASF) optimization on the absorptive phase of Riva were evaluated. To do so, the predicted
pharmacokinetic parameters were compared with the in vivo data from literature. The
pharmacokinetic model was developed using oral solution doses (5 and 10 mg) as well as
for oral IR tablet doses (5 and 10 mg) of Riva under the fasted state and compared with the
published data [17,18]. The percent prediction error value was calculated to evaluate the
accuracy of the model. The calibrated ACAT model for Riva was then applied to simulate
the plasma concentration–time profile of Xarelto tablet (20 mg) in the fed state.

Parameter Sensitivity Analysis (PSA)

PSA was performed for the uncertain and key parameters in formulations such as
mean particle radius, dose volume, particle density, effective permeability, precipitation
time, and diffusion coefficient for the dosage forms investigated under the fasted and
fed tates.

2.6. IVIVC Studies

In addition to the PBPK model, the conventional IVIVC was used to predict the PK
profile after oral administration of formulation in the fed state using IVIVC Toolkit 8.0 of
Phoenix WinNonlin 8.2.0.4383 for Windows (Pharsight, Certara, USA Inc, St. Louis, MO,
USA). The IVIVC model was developed and calibrated using the in vitro dissolution and
in vivo profile of 20 mg strength of Xarelto IR tablet in the fasted condition. Thereafter,
using the established IVIVC, the PK profile of the Xarelto IR tablet in fed condition was
predicted and compared with the simulation results obtained from the PBPK model.

IVIVC was based on a two-step deconvolution method. Initially, the Weibull function
was fitted to the in vitro data of the Xarelto IR tablet (20 mg tablet) in the fasted condition.
Moreover, the time course of in vivo absorption was derived using deconvolution. The
in vivo data of the 10 mg oral solution published by Kubitza were used as a reference for
calculating the unit impulse response (UIR) function [17,18]. The in vivo data of the PK
profiles of the Xarelto IR tablet (20 mg tablet) were then deconvolved and compared to the
in vitro dissolution profiles using the fraction absorbed (Fabs) vs. the fraction dissolved
Fdiss plot.

Thereafter, in the second step, a correlation was built between the in vitro drug
release and in vivo drug absorption. The IVIVC model was established based on in vitro
dissolution profile of the Xarelto IR tablet, and in vivo results were obtained from the
literature. As per the condition, the regression slope line most closely aligned with a value
of 1.0, whereas the elimination phase of Riva was calculated using the PK profile of 10 mg
oral solution.

Thereafter, as the final step, validation of the developed IVIVC model is required, in
order to establish quantitative resilience of the predictive capacity of the model. The vali-
dation of the model was performed using the results of the in vivo fate of the formulation
used to establish the model, known as internal validation, and/or by the application of a
different formulation, known as external validation. In the present model development,
the internal validation of the IVIVC model was performed by comparing the predicted and
observed PK profile of the reference product Xarelto 20 mg tablet in the fasted condition.
Thereafter, the predictability of the model was evaluated using the percentage prediction
error (%PE) from the following equation:

%PE = 100 ×
(

Predicted value − Observed value
Observed value

)
(2)
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For the development of a robust model, the average absolute %PE of ≤10% for the
maximum plasma concentration (Cmax) and area under the curve (AUC) establishes the
predictability of the IVIVC. Furthermore, the %PE for each formulation should not exceed
15%. If the %PE conditions are not met for the internal validation, further validation using
the external formulation is required [20,21].

2.7. Food Effect (FE) Studies of Riva in Simulated Healthy Population

Simulations were carried out for 20 mg dose strength using the fed state physiology
of GastroPlusTM to evaluate the quantitative prediction of FE based on the measurements
of in vitro biorelevant solubility and dissolution. The percentage prediction error for the
predicted PK parameters was calculated in comparison with the predicted values Xarelto
IR tablet (20 mg tablet).

A single-dose (20 mg), three-period virtual trial in 50 subjects was carried out. Gastro
PlusTM randomly generates subjects by varying physiological factors such as gastroin-
testinal transit times, pH, fluid volumes, PK parameters as well as compound parameters.
Three populations, namely A, B, and C, with 50 subjects each (in order to gain a thorough
sampling across all the variables) were given the same treatment (20 mg strength of Xarelto
IR tablet).

3. Results and Discussion
3.1. Biopharmaceutical Properties of Riva
3.1.1. Equilibrium solubility in simulated media

Table 2 depicts the solubility of the Riva in different biorelevant media. The solubility
of the Riva was found to be comparable among different media, i.e., water, FaSSGF (pH 1.6),
and FaSSIF (pH 6.5). Whereas in the case of FeSSIF and FeSSGF (pH 5.0), the solubility
of the Riva was found to be markedly higher as compared to other simulated biorelevant
media. The FeSSIF contains 15 mM sodium taurocholate and 3.75 mM lecithin as compared
to 3 mM sodium taurocholate and 0.75 mM lecithin in the case of FaSSIF. Thus, an approx.
2-fold increase in the solubility in the Fed conditions could be attributed to the increase
in the lipidic component of the media with a higher fraction solubilized in taurocholate
and lecithin micelles. The increased solubility of Riva in the Fed state is in accordance with
the literature, demonstrating higher bioavailability of equal of more than 80% when taken
with food (for 20 mg dose of Riva) [19,22].

Table 2. Solubility of Riva in biorelevant media.

Solubility in pH Values (µg/mL)

Unbuffered water 7.0 10.0
FaSSGF 1.6 11.0
FaSSIF 6.5 9.9
FeSSGF 4.5 24.0
FeSSIF 5.0 16.8

3.1.2. In Vitro Release Profile of Riva in Fasted and Fed Conditions

Figure 1 demonstrates the in vitro release profiles of the Xarelto IR tablet (20 mg) in
fasted and fed conditions using the dynamic dissolution method. After 30 min, in vitro
release of Xarelto IR tablet in the fed state and fasted simulated gastric fluids were found
to be 27.7 and 11.0%.

Thereafter, the fed and fasted simulated gastric fluid was replaced via simulated
intestinal fluids without removing the Xarelto IR tablets. The in vitro release, and the time
to 80% drug release was found to be the 360 and 210 min in case of fasted and fed state
conditions, respectively. Furthermore, the f 1 (the difference factor) and f 2 (the similarity
factor) were also calculated and found to be 28 and 38, respectively. For bioequivalent
in vitro release profile, the values of f 1 should be between 0 and 15, whereas the value of
f 2 should be between 50 and 100 [23,24]. Thus, the release profile in the case of the fed
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condition was found to be significantly higher as compared to the fasted condition. The
results demonstrated that the lower solubility in the absence of food components could be
the rate-limiting factor for the dose-proportional absorption of Riva from Xarelto IR tablets,
independent of the formulation. The significantly higher dissolution in the presence of a
food-induced increase in bile salt concentration was found to be in accordance with the
solubility study and is the key parameter for the establishment of the PBPK model.

Figure 1. In-vitro release profile of Riva from Xarelto IR tablet (20 mg strength) using USP 4 apparatus.
The tablets were transferred from FaSSGF (pH 1.6) and FeSSGF (pH 4.5) media to FaSSIF (pH 6.5)
and FeSSIF (pH 5.0) media, respectively, after 30 min.

3.1.3. In Vitro Caco-2 Permeability

Permeation of the marker substance, fluorescein, did not cause any alterations of
transepithelial electrical resistance (TEER) values compared to controls (no permeation
performed). The API powder and, to a greater extent, the formulations caused a decrease in
TEER values (Figure 2A). Despite the decrease in TEER values induced by the formulations,
there was no increased transport of Riva across the monolayers. Apparent permeability
coefficient (Papp) values (2.69 ± 0.72 × 10−6 cm/s) were not increased in the formulations
compared to standard Riva (3.11 ± 0.24 × 10−6 cm/s, (Figure 2B)). The Papp of fluorescein
was 0.72 ± 0.13 × 10−6 cm/s, indicating a good barrier function of the Caco-2 monolayer
and absence of damage by FaSSIF.

Papp and transport rates were identical for formulated products and standard Riva.
The decrease in TEER values was slightly higher in the formulations than in the unformu-
lated Riva but was not reflected in changes of the Papp values. Excipients in the formulations
more likely to decrease the TEER values. However, taking into consideration that there is
no difference in the Papp of pure Riva in comparison with Xarelto (presence of excipients)
despite the change in TEER values of CaCo-2 cells in Xarelto, it can be suggested that
passage of Riva is mainly transcellular through the CaCo-2 cells. Papp values determined in
the study were lower than the values published by Gnoth et al. (8.0 ± 0.6 × 10−6 cm/s) [25].
The most likely reason for this difference is the lack of mucus production of Caco-2 cells,
which can affect permeation. To reproduce the physiological situation, a mucus layer has
been added to the Caco-2 monolayer in this study. The effect of mucus on the permeation
of active pharmaceutical ingredients (APIs) has been reported controversially [26,27]. The
comparison between Caco-2 cells and mucus-producing HT29-MTX did not show promi-
nent differences for many lipophilic and hydrophilic compounds, suggesting that mucus
does not represent a strong barrier for the permeation [28]. The exclusive assessment of the
role of mucus, however, was not possible because HT29-MTX cells lack P-glycoprotein ex-
pression and the lack of reverse transport will increase the measured Papp values. Although
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the same cell types were used, another study reported that the permeability of drugs with
a partition coefficient (logP) > 1 was decreased in the mucus-producing cell lines [28].
The passage of Riva might be hindered by mucus because of its logP value of 1.36 [28].
It can be concluded that Riva formulations reacted very similarly and did not display a
permeation-enhancing effect on the permeability of Riva. The results obtained of various
physicochemical parameters such as those from the solubility study, Caco-2 permeability,
and the published literature were used as the input parameters for the development of the
PBPK model. The values of the input parameters used in the PBPK model are mentioned
in Table 1 [19,29–33].

Figure 2. (A) Differences in transepithelial electrical resistance (TEER) values between the start value and measurement
at the end of the permeation studies. Abbreviations: Control (Co), fluorescein (Flu), rivaroxaban (Riva), Xarelto (Xare).
(B) Papp values of rivaroxaban (Riva) and Xarelto (Xare).

3.1.4. Systemic Disposition Parameters of Riva

The two-compartment model was found to be the best fit model according to the
AIC and SC criteria to describe the Riva pharmacokinetics following the administration
of oral solution dose (10 mg) (Figure 3). Values of clearance, the volume of distribution
(Vc) and, T1/2 were in accordance with the literature values. Other parameters such as
the peripheral volume of distribution (V2), distribution constant from the central to the
peripheral compartment (K12), and distribution coefficient from the peripheral to central
compartment determined (K21) from the two-compartment model fitting were used for
further simulations. Table 3 depicts the mean baseline values used for the simulation of
Riva plasma concentration–time profile following the administration of oral solution and IR
formulation doses. The value of clearance and elimination half-life obtained through fitting
is found to be in accordance with the value reported in the Xarelto product information
after intravenous administration of Riva at a dose of 1 mg [34,35].

3.2. Physiology Based Gastrointestinal Absorption Model of Riva Formulation
Prediction of PK Profiles and Optimization of ACAT Model

Taking into consideration the input parameter as mentioned in Table 1 and the phar-
macokinetic parameters mentioned in Table 3, the PK profile of the oral solution dose
(10 mg) of Riva was simulated using the ACAT model in GastroPlusTM with default fasted
human physiology and ASF values (Table 4). Simulation of 10 mg oral dose with the default
GastroplusTM Human Physiology Fasted largely underestimated the absorption phase
of Riva, resulting in the poor fitting of the extracted plasma concentration–time profile
obtained for 10 mg oral dose (Figure 4A). This observation suggested that the default fasted
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human physiology in GastroPlusTM was not able to capture the absorption phase of Riva.
Thereafter, the influence of effective permeability (Peff) on the Cmax and Tmax predictions
under fasted conditions for oral solution dose (10 mg) of Riva were evaluated. The results
showed that even though the Peff was increased by 10 folds to 3.1, Tmax was overpredicted
by 5 folds and Cmax was underpredicted by 1.78 folds compared to the average observed
values (Table 5) [18].

Figure 3. Pharmacokinetic data fitting 2- compartment of oral solution dose (10 mg) of Riva.

Table 3. PK parameters obtained from two-compartment model fitting of oral solution (10 mg)
of Riva.

Parameter Values

Clearance (L/h) 9.43
Vc (L/kg) 0.47
T1/2 (h) 4.62

K12 (1/h) 0.04
K21 (1/h) 0.21
V2 (L/kg) 0.09

Table 4. ASF values before and after optimization of ACAT model.

Compartment Default (GastroPlus) ASF Optimized ASF

Stomach 0 0
Duodenum 2.673 36.44
Jejunum 1 2.658 36.25
Jejunum 2 2.629 35.85

Ileum 1 2.592 35.35
Ileum 2 2.568 35.02
Ileum 3 2.505 34.16
Caecum 0.535 0.535

Asc Colon 1.038 1.038

Furthermore, it is also important to consider the solubility of Riva in gastric medium
and concentration of Riva attained with 5 mg and 10 mg of oral solutions. Table 2 reports
fasted state gastric solubility of 11 µg/mL (i.e., 0.011 mg/mL) for Riva. Considering 250 mL
of dosing volume with instantaneous saturation translates to a solubilization capacity of
2.75 mg in the medium. At a dose of 10 mg, this can generate ~3.6-fold supersaturation,
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which can lead to faster absorption as reflected by high Cmax and lower Tmax in the
observed profile (assuming absence of precipitation from the supersaturated state). As
simulations were conducted with solubility values of ~11 µg/mL, this could have led
to underpredictions.

Figure 4. Riva plasma concentration–time profile from solution oral dose (10 mg) (A) before and
(B) after optimization.

Table 5. PK parameters obtained from simulated PK profiles.

Parameter Actual (Reported) a Predicted (Before
Optimization)

Predicted (After
Optimization)

PK parameters obtained from simulated PK profile of solution oral dose (10 mg) of Riva before and after
optimization

Cmax (µg/L) 266/25.1 (187–412) 159.27 212.23
Tmax (h) 0.50 (0.25–1.00) 1.92 0.72

AUC (µg·h/L) 997/25.1 (613–1383) 1056 1058
F% >90% 99.54 99.79
Pharmacokinetic parameters for 5 mg oral (solution) dose of Riva in fasted conditions

Cmax (µg/L) 119/18.5 (97.2–158) 80.13 107.06
Tmax (h) 0.63 (0.5–0.75) 1.92 0.66

AUC (µg·h/L) 461/17.2 (348–587) 528.24 529.37
F% >90% 99.58 99.80

a—taken from literature; data are represented as geometric means/percent geometric coefficient of variation and
range in case of reported data [18].

As a result, the ASF values were optimized using the optimization module in the
GastroPlusTM, which could capture the absorption phase of the plasma concentration–time
profile of oral solution (10 mg) (Figure 4B). ASFs in GastroPlusTM are a multiplier used to
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scale the effective permeability to account for variations in surface-to-volume ratio, pH
effects, influx, or efflux transporter differences, and other absorption-rate-determining
effects. On the basis of the GI physiology, ASFs are used to scale the effective permeability
of the API across the different sections of the GI tract.

The ASFs were optimized using the PK data set of single-dose oral solution (10 mg) in
the fasted state changing the C1 and C2 coefficients of Opt logD Model SA/V 6.1, which
determines absorption from the small intestinal compartments. However, the C3 and C4
coefficients which determine absorption from the colon were kept at their default values.
The optimized ASF were nearly 14 folds higher than the default values, leading to the faster
absorption of Riva in the small intestine. In addition, the default value for compartment
volume occupation by water in the colon was reduced from 10% to 2% to better account for
measured free water content in the colon [8,36]. All other parameters were set at default
values in GastroPlusTM; the default and optimized ASF values are mentioned in Table 4.

Table 5 shows the pharmacokinetic parameters obtained from the simulated PK profile
of solution oral dose (10 mg) of Riva before and after optimization of ASF and compared
with the literature data.

In order to verify that the optimized ASF values for the small intestine can reasonably
capture the absorption phase of Riva, simulations of mean plasma concentration–time
profile of Riva following administration of oral solution dose (5 mg and 10 mg) and IR tablet
formulation (5 mg and 10 mg) under the fasted condition were also carried out. Simulated
mean plasma concentration–time profiles of Riva from solution and IR tablet formulation
and corresponding pharmacokinetic parameters (Cmax. Tmax and AUC0–∞) calculated are
demonstrated in Tables 5 and 6. All the predictions of pharmacokinetic parameters for
different formulation and doses of Riva were within two folds of the reported values. This
fosters our confidence in the predictive ability of the developed ACAT model for Riva.

Table 6. Pharmacokinetic parameters for IR Tablet in fasted conditions.

Parameter Actual (Reported) a Predicted (Optimized ASF)

Pharmacokinetic parameters for 5 mg oral (IR Tablet) dose of Riva in fasted conditions
Cmax (µg/L) 72/19.7 (55–96) 76.13

Tmax (h) 1.88 (0.5–4.00) 2.1
AUC (µg·h/L) 466/23.0 (348–677) 524.42

F% 80–100% 98.86
Pharmacokinetic parameters for 10 mg oral (IR Tablet) dose of Riva in fasted conditions
Cmax (µg/L) 141/15.5 (112–184) 149

Tmax (h) 2.00 (0.5–2.50) 2.20
AUC (µg·h/L) 1020/14.9 (797–1217) 1037

F% 80–100% 97.75
a—taken from literature; data are represented as geometric means/percent geometric coefficient of variation and
range in case of reported data [18].

Parameter sensitivity studies were performed investigating the impact of key factors
on the bioavailability of Riva. The mean particle size of the API in the IR tablet formulation
was found to be the most important factor influencing the bioavailability of Riva (Data not
shown) irrespective of fasted and fed state. Other factors such as dose volume, particle
density, precipitation time, diffusion coefficient, and Peff seem to have a relatively minor
influence on the bioavailability of Riva.

Once the ACAT model was optimized with modified ASF values, pharmacokinetic
parameter predictions were carried out for Riva 5 mg oral solution dose (Table 5) and
Xarelto IR tablet for 5 mg and 10 mg (Table 6) dose in the fasted condition. The in vitro
release profile and the physicochemical parameters of the API was found to be biopredictive
and was able to describe the plasma concentration profiles, and the predicted values of
Cmax, AUC, and Tmax were found to be in agreement with those of the literature, which
increased the confidence in the developed ACAT model.

In silico simulation of Xarelto (20 mg dose strength) in fasted and fed state
The developed ACAT model was used to simulate the plasma concentration–time

profile of Xarelto (20 mg dose strength) in the fasted and fed state with the dissolution
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profiles using the USP 4 flow-through apparatus and biorelevant dissolution medium. It
was observed that the inclusion of dissolution profiles of Xarelto IR Tablet (20 mg) during
modeling led to an improvement in the simulations with predicted values close to the
observed values, as reported in the literature. Table 7 and Figure 5 represent the simulated
plasma concentration–time profile and key pharmacokinetic parameters predicted from
the simulation of Xarelto (20 mg) IR tablet in the fasted and the fed states.

Table 7. Key pharmacokinetic parameters predicted from the simulation of Xarelto (20 mg) IR tablet in the fasted and fed
states.

Parameters Fasted State Fed State

Actual (Reported) a Predicted (Optimized ASF) Actual(Reported) b Predicted (Optimized ASF)
Cmax (µg/L) 173/35.6 (111–294) 171.15 294.4/15 (225.4–360.6) 236.64

Tmax (h) 1.50 (0.5–4.00) 3 3.00 (0.5–6.00) 2.9
AUC (µg·h/L) 1612/36.1 (859–2193) 1433.8 2294/19 (1464–3227) 1857.3

F% 66% 67.57 80–100% 87.54
a—taken from Reference [18]; b—taken from Reference [17]; data are represented as geometric means/percent geometric coefficient of variation and
range in case of reported data.

Figure 5. Simulated plasma concentration-time profile of Xarelto (20 mg) in fasted and fed states
using GastroPlusTM ACAT model.

The results clearly depict the presence of food effects when Xarelto (20 mg) is admin-
istered in the fasted and fed states. However, the food effect was a bit underestimated
compared to that reported in the literature.

As evident from Figure 6, the increase in bioavailability of Xarelto during the fed
state simulation was found, which could be due to the enhanced dissolution of Riva in the
fed state. The increase in solubility in the fed state resulted in a greater fraction of Riva
to be absorbed from the duodenum and Jejunum 1 as compared to the fasted state. The
simulated results are in accordance with the Xarelto product literature outlining site-specific
absorption of Riva [34,35].
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Figure 6. Regional amount absorbed from Xarelto in fasted and fed states in the gastrointestinal tract.

3.3. IVIVC Studies
3.3.1. Modelling
In Vitro and In Vivo Raw Data

The in vitro release profile of Xarelto 20 mg tablet in the fasted state was used for the
establishment of the IVIVC model. As evident from the dynamic in vitro dissolution of the
Xarelto (Figure 1), after 30 min of incubation in a simulated gastric medium, the simulated
gastric medium was replaced by a simulated intestinal medium. Upon incubating the
tablets for 5.5 hours, the amount of API release was found to be approx. 80 and 90% in case
of fasted and fed conditions, respectively.

The in vivo data of the Xarelto 20 mg tablet and 10 mg oral solution in the fasted
condition were obtained by literature published by Kubitza and co-workers [17,18]. The
Tmax in the case of solution and tablet was found to be 0.5 and 3 h, respectively. In addition,
the Cmax was reported to be markedly higher in the case of the solution as compared to
the tablet. The observation suggests higher absorption of the Riva in presence of solutions,
which is reported to be due to the faster and higher amount of Riva available to be absorbed.
Thus, suggesting the absorption of Riva to be not limited by permeability.

Dissolution Curve Fitting

The fasted state in vitro release profile of the Xarelto 20 mg tablet was fitted with
the Weibull function. As evident from Figure 7, using the Weibull function, the predicted
in vitro release or, more precisely, the fraction of API dissolved was found to be overlapping
with the observed in vitro release data as a function of time, suggesting that the Weibull
function was suitable to fit the dissolution data.

Weibull function, y(t) = Fin f

[
1 − e−(t/MDT)b]

(3)

where, y(t) or Fdiss(t) - Fraction of drug dissolved; dependent variable of the function, t:
time (h); independent variable of the function, Finf: Fraction of drug dissolved at infinity
time; parameter of the function, MDT: mean dissolution time; parameter of the function, b:
beta; shape parameter of the function

3.3.2. Calculation of Unit Impulse Response (UIR) Function

To obtain the in vivo data, the pharmacokinetic parameters of 10 mg oral solution
was used. Thus, the UIR function was used to calculate the oral pharmacokinetic data. As
evident from Figure 8, using the UIR function, the observed pharmacokinetic profile was
found to be overlapping with the predicted pharmacokinetic profile and a linear relation
was established suggesting the best fit model. The UIR function obtained were then used to
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deconvolute the in vivo pharmacokinetic profile of Xarelto 20 mg tablet in fasted condition,
for the assessment of in vivo absorption profile (Figure 9).

UIR Function, Cp(t) = A1eα1(t-tlag) + A2eα2(t-tlag) + A3eα3(t-tlag) (4)

Where, Cp(t): Concentration of drug in plasma [ng/L]; dependent variable of the func-
tion, t: time [h]; independent variable of the function, A (coefficient) and α (exponential);
parameter values, tlag: lagtime; parameter value.

Figure 7. Observed in vitro profile vs. fitted curves of the Xarelto 20 mg tablet.

Figure 8. Properties of the unit impulse response (UIR) function.

3.3.3. Correlation

The dissolved API fraction (obtained from the fitting of in vitro release profile) was
then related with the absorbed in vivo fractions (obtained from the deconvolution of
plasma concentration). As evident from Figure 10, the in vivo fraction absorbed was
found to be linearly correlated with the fraction of API dissolved in vitro. The observed
relation was found to be aligned with the linear regression analysis. Thus, the slope and
regression values of Fabs vs. Fdiss plot suggest the development of a robust mathematical
IVIVC model.

Correlation equation, Fabs = AbsScalexDiss(Tscale × Tvivo − Tshift) (5)

where, Fabs: Fraction of drug absorbed; dependent variable of the function, Tvivo: in vivo
time (h); independent variable of the function, AbsScale: Absorption scale factor, Tscale:
Time scaling factor, Tshift: Time scale shift, Diss: Internal function that linearly interpolates
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the predicted dissolution data, i.e., the predicted data from the dissolution model fitted to
the in vitro data.

Figure 9. Calculated absorption after deconvolution of Xarelto 20 mg tablet.

Figure 10. Fraction absorbed in vivo vs. fraction dissolved in vitro for the Xarelto 20 mg tablet in the
fasted condition.

The AbsScale, Tscale, and Tshift parameters of the correlation equation were found to
be 0.595, 1.494, and 0.188, respectively.

3.3.4. Internal Validation and Prediction

An IVIVC model was established based on the USP IV fasted state dissolution data
and using published in vivo data as an internal validation of the reference product Xarelto
20 mg tablet (Figure 11). The result of the internal validation was promising (<2% error).

The IVIVC model was then used for the prediction of in vivo performance of the
Xarelto 20 mg tablet in the fed state. As evident from Figure 12 and Table 8, the Cmax and
AUC were found to be distinctly higher, whereas no significant difference in the Tmax was
predicted in the case of the fed state as compared to the fasted condition. The increase
in absorption was found to be in accordance with the increase in solubility of Riva in the
presence of simulated fed media. Thus, the developed IVIVC was able to adapt the effect
of fed media, predicting the in vivo profile in the fed state. The developed IVIVC model
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(developed for reference product) can also be used as an effective tool to predict the in vivo
fate of formulations with different strength and release profiles, considering an average
percentage error of less than 10% and tolerance limit in the range of 0.8–1.25.

Figure 11. Internal validation (Xarelto 20 mg tablet Fasted condition) of the in vitro–in vivo correla-
tion (IVIVC) model.

Figure 12. Predicted mean in vivo profiles of Xarelto 20 mg tablet using IVIVC model.

In the present report, both PBPK absorption and IVIVC model were developed to
predict the food effect on the in vivo fate of the Riva released from Xarelto 20 mg tablet.
Both models predicted a higher amount of Riva absorption in case of fed conditions,
which could be due to higher solubility and release profile in simulated fed media [17].
The findings are in accordance with the literature, which reported an increase in Riva
AUC and the mean Cmax by 39% and 76%, respectively, when the 20 mg tablet was orally
administered with food [37]. Interestingly, both 10 and 20 mg strength of the marketed
formulation contain sodium lauryl sulfate (SLS) in order to increase the solubility of the
API in the in vivo conditions. However, as evident from the lower bioavailability, the
solubilization efficiency of SLS in increasing the solubility of Riva in the 20 mg tablet was
found to be less as compared to the Riva in 10 mg tablet [37]. This decrease in solubilization
efficiency in the fasted state could be due to a higher amount of API above the saturation
solubility in the case of 20 mg Riva, as the volume of the in vivo fluid remains the same,
potentially resulting in local precipitation and thus reduced bioavailability. Now in the case
of the fed state, the excess of API higher than the saturation solubility could dissolve in
lipidic components of the food and thus resulted in higher AUC and mean Cmax. On further
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increasing the dose to supra-therapeutic levels of 50 mg of Riva, no further increase in the
AUC and mean Cmax values was observed even in the presence of fed conditions [33,37].
The ceiling effect observed in the case of 50 mg of Riva dosing could be due to attainment
of maximum solubility in fed conditions, assuming the volume of food is nearly alike.

Table 8. Observed and predicted values of the internal validation (Xarelto 20 mg tablet fasted condition) and predicted
values of theXarelto 20 mg tablet fed condition.

Formulation Parameter Predicted Observed a %PE Ratio

Xarelto 20 mg tablet Fasted condition AUClast (µg·h/L) 1381.946 1361.125 1.52966 1.015297
Xarelto 20 mg tablet Fasted condition Cmax (µg/L) 143.567 146.000 −1.66657 0.983334

Xarelto 20 mg tablet Fasted condition Tmax
(h) 3.0 1.5 N/A N/A

Xarelto 20 mg tablet Fed condition AUClast (µg·h/L) 1543.120 1750.175 13.41790 1.134179
Xarelto 20 mg tablet Fed condition Cmax (µg/L) 174.566 241.000 38.05670 1.380567
Xarelto 20 mg tablet Fed condition Tmax (h) 2.0 3.0 N/A N/A

a—taken from References [17,18].

The Cmax and AUC values predicted by the PBPK and IVIVC model were found to
be comparable. However, the Cmax and AUC values in the case of the PBPK model were
slightly higher compared to the IVIVC model. The increase in Cmax and AUC values in
the case of the PBPK model could be due to the incorporation of different physicochemical
and formulation properties, for the development of the model, whereas the IVIVC model
lacks integration of such parameters. In the present case, as evident from the parameter
sensitivity studies, the particle size of the API was found to be a critical factor affecting
the release profile and thus the bioavailability of the Riva. The impact of particle size
on the bioavailability was found to be in accordance with the product filling, as the
reference formulation was developed using the micronized Riva in order to improve
oral bioavailability via increasing solubility [37]. Thus, the development/optimization of
the PBPK model using the particle size distribution of API could be responsible for the
slight difference in the predicted Cmax and AUC values compared to the IVIVC model.
Thus, the developed model can further be used to develop and optimize the formulation
parameters, mainly in the early stage development phase, reducing preclinical and clinical
time and cost.

3.4. Food Effect (FE) Studies of Riva in Simulated Healthy Subjects

A virtual trial is a stochastic simulation that randomly samples parameters from
predefined distributions. In order to take into account the effect of population variability
on the plasma concentration profile of Riva following administration of Xarelto, a single
dose (20 mg) 3-period virtual study design was carried out in the fed state. Three virtual
populations of 30-year American Male/Female A, B, and C, each of 50 subjects, were
created and subjected to Xarelto IR tablet (20 mg tablet). GastroPlusTM randomly generates
subjects by varying the physiological factors such as gastrointestinal transit times, pHs,
fluid volumes, and pharmacokinetics parameters, as well as compound parameters [38].
Table 9 and Figure 13 provides a summary of in silico investigation of food effect variability
across virtual populations.

Table 9. Summary in vivo pharmacokinetic profile of Xarelto IR tablet (20 mg Strength) for Popula-
tions A, B, and C in fed conditions.

Parameters Population A Population B Population C

Cmax (ng/mL) 238 236 237
AUC0–∞ (ng·h/mL) 1856 1888 1988
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Figure 13. Virtual in vivo pharmacokinetic profile of Xarelto IR tablet (20 mg Strength) for Popula-
tions (A–C) in fed conditions.

The predicted population in vivo pharmacokinetic profile of Xarelto IR tablet (20 mg
strength) in the fed condition was found to be comparable in populations A, B, and C in
the conditions, i.e., the average value of population geometric means were found to be
within the range of 80–125% compared to the mean predicted in vivo profile mentioned in
in Table 7, Figure 5 (Cmax and AUC0–∞ value of 236.64 and 1857.3, respectively). However,
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marked difference (>80–125%) was observed in case of fasted conditions (Cmax and AUC0–∞
value of 171.15 and 1433.8, respectively), as compared to the predicted in vivo population
pharmacokinetics of Xarelto IR tablet (20 mg strength) in fed conditions.

During the virtual simulations, the physiological and pharmacokinetic parameters of
the same subjects were identical for reference formulations. However, in reality, physio-
logical and pharmacokinetic parameters could fluctuate within the same subjects if they
were given different formulations on different occasions. Thus, by incorporating this
intra-subject variability, it is possible that in vivo profile of Xarelto IR tablet in the fasted
condition might be bioequivalent to the population kinetics of Xarelto IR tablet (Fed) in
population A since its 80% confidence interval for the AUC value (77%) is close to the edge
of the BE limits.

4. Conclusions

In the present manuscript, a mechanistic physiology-based model for the Xarelto IR
tablet was developed considering different physicochemical and pharmacokinetic parame-
ters. In addition, a conventional IVIVC model was also developed in order to verify the
in vivo profile obtained via the PBPK model. The validation results demonstrated the
development of successful models, and the predicted in vivo profiles from both models
were found to be comparable. The results demonstrated a significant food effect increasing
the Cmax of the Riva, which could be due to higher solubility in Fed conditions. The devel-
oped model strategy can be effectively adopted to increase the confidence of the model.
Furthermore, the PBPK model can also lead to the establishment of the biased dissolution
methods crucial for the generic company to establish bioequivalence mainly focusing on
new formulations with a similar drug release mechanism using external validation.
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Biopharmaceutical Classification System BCS
Immediate release IR
In vitro–in vivo correlation IVIVC
Minimal Essential Medium MEM
Fasted state simulated gastric fluid FaSSGF
Fasted state simulated intestinal fluid FaSSIF
Fed state simulated gastric fluid FeSSGF
Fed state simulated intestinal fluid FeSSIF
Fetal bovine serum FBS
Parameter Sensitivity Analysis PSA
Pharmacokinetics PK
Physiologically based pharmacokinetic PBPK
Rivaroxaban Riva
Schwarz criterion SC
Sodium lauryl sulfate SLS
Transepithelial electrical resistance TEER
Ultra-High-Performance Liquid Chromatography UHPLC
Unit impulse response UIR
United States Pharmacopeia USP

References
1. Jamei, M.; Abrahamsson, B.; Brown, J.; Bevernage, J.; Bolger, M.B.; Heimbach, T.; Karlsson, E.; Kotzagiorgis, E.; Lindahl, A.;

McAllister, M. Current status and future opportunities for incorporation of dissolution data in PBPK modeling for pharmaceutical
development and regulatory applications: OrBiTo consortium commentary. Eur. J. Pharm. Biopharm. 2020, 155, 55–68. [CrossRef]

2. European Medicines Agency. ICH M9 on biopharmaceutics classification system based biowaivers. Available online: https:
//www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers#current-version-section (accessed
on 18 January 2021).

3. Amidon, G.L.; Lennernäs, H.; Shah, V.P.; Crison, J.R. A Theoretical Basis for a Biopharmaceutic Drug Classification: The
Correlation of in vitro Drug Product Dissolution and in vivo Bioavailability. Pharm. Res. An Off. J. Am. Assoc. Pharm. Sci. 1995, 12,
413–420. [CrossRef]

4. FDA. Extended Release Oral Dosage Forms: Development, Evaluation, and Application of In vitro/In vivo Correlations. Available
online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/extended-release-oral-dosage-forms-
development-evaluation-and-application-vitroin-vivo-correlations (accessed on 18 January 2021).

5. Stillhart, C.; Pepin, X.; Tistaert, C.; Good, D.; Bergh, A.; Van Den Parrott, N.; Kesisoglou, F. PBPK Absorption Modeling:
Establishing the In vitro–In vivo Link—Industry Perspective. AAPS J. 2019, 21, 1–13. [CrossRef]

6. Kesisoglou, F.; Xia, B.; Agrawal, N.G.B. Comparison of Deconvolution-Based and Absorption Modeling IVIVC for Extended
Release Formulations of a BCS III Drug Development Candidate. AAPS J. 2015, 17, 1492–1500. [CrossRef]

7. Kaur, N.; Narang, A.; Bansal, A.K. Use of biorelevant dissolution and PBPK modeling to predict oral drug absorption. Eur. J.
Pharm. Biopharm. 2018, 129, 222–246. [CrossRef]

8. Pepin, X.J.H.; Flanagan, T.R.; Holt, D.J.; Eidelman, A.; Treacy, D.; Rowlings, C.E. Justification of drug product dissolution rate and
drug substance particle size specifications based on absorption PBPK modeling for lesinurad immediate release tablets. Mol.
Pharm. 2016, 13, 3256–3269. [CrossRef] [PubMed]

9. Willmann, S.; Thelen, K.; Becker, C.; Dressman, J.B.; Lippert, J. Mechanism-based prediction of particle size-dependent dissolution
and absorption: Cilostazol pharmacokinetics in dogs. Eur. J. Pharm. Biopharm. 2010, 76, 83–94. [CrossRef]

10. Pepin, X.J.H.; Huckle, J.E.; Alluri, R.V.; Basu, S.; Dodd, S.; Parrott, N.; Emami Riedmaier, A. Understanding Mechanisms of Food
Effect and Developing Reliable PBPK Models Using a Middle-out Approach. AAPS J. 2021, 23, 1–14. [CrossRef] [PubMed]

11. Davit, B.M.; Kanfer, I.; Tsang, Y.C.; Cardot, J.M. BCS biowaivers: Similarities and differences among EMA, FDA, and WHO
requirements. AAPS J. 2016, 18, 612–618. [CrossRef] [PubMed]

12. Services, H. Vladimir Nikolaevich Chernigovski. Acta Physiol. Pharmacol. Bulg. 1977, 3, 3–5.
13. Jain, S.; Jain, R.; Das, M.; Agrawal, A.K.; Thanki, K.; Kushwah, V. Combinatorial bio-conjugation of gemcitabine and curcumin

enables dual drug delivery with synergistic anticancer efficacy and reduced toxicity. RSC Adv. 2014, 4, 29193–29201. [CrossRef]
14. Arora, R.; Katiyar, S.S.; Kushwah, V.; Jain, S. Solid lipid nanoparticles and nanostructured lipid carrier-based nanotherapeutics in

treatment of psoriasis: A comparative study. Expert Opin. Drug Deliv. 2017, 14, 165–177. [CrossRef]
15. Shilpi, D.; Kushwah, V.; Agrawal, A.K.; Jain, S. Improved Stability and Enhanced Oral Bioavailability of Atorvastatin Loaded

Stearic Acid Modified Gelatin Nanoparticles. Pharm. Res. 2017, 34, 1505–1516. [CrossRef]
16. Tripathi, S.; Kushwah, V.; Thanki, K.; Jain, S. Triple antioxidant SNEDDS formulation with enhanced oral bioavailability:

Implication of chemoprevention of breast cancer. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1431–1443. [CrossRef]

http://doi.org/10.1016/j.ejpb.2020.08.005
https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers#current-version-section
https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers#current-version-section
http://doi.org/10.1023/A:1016212804288
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/extended-release-oral-dosage-forms-development-evaluation-and-application-vitroin-vivo-correlations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/extended-release-oral-dosage-forms-development-evaluation-and-application-vitroin-vivo-correlations
http://doi.org/10.1208/s12248-019-0292-3
http://doi.org/10.1208/s12248-015-9816-7
http://doi.org/10.1016/j.ejpb.2018.05.024
http://doi.org/10.1021/acs.molpharmaceut.6b00497
http://www.ncbi.nlm.nih.gov/pubmed/27438964
http://doi.org/10.1016/j.ejpb.2010.06.003
http://doi.org/10.1208/s12248-020-00548-8
http://www.ncbi.nlm.nih.gov/pubmed/33398593
http://doi.org/10.1208/s12248-016-9877-2
http://www.ncbi.nlm.nih.gov/pubmed/26943914
http://doi.org/10.1039/C4RA04237A
http://doi.org/10.1080/17425247.2017.1264386
http://doi.org/10.1007/s11095-017-2173-8
http://doi.org/10.1016/j.nano.2016.03.003


Pharmaceutics 2021, 13, 283 22 of 22

17. Kubitza, D.; Becka, M.; Zuehlsdorf, M.; Mueck, W. Effect of food, an antacid, and the H2 antagonist ranitidine on the absorption of
BAY 59-7939 (rivaroxaban), an oral, direct Factor Xa inhibitor, in healthy subjects. J. Clin. Pharmacol. 2006, 46, 549–558. [CrossRef]
[PubMed]

18. Kubitza, D.; Becka, M.; Voith, B.; Zuehlsdorf, M.; Wensing, G. Safety, pharmacodynamics, and pharmacokinetics of single doses
of BAY 59-7939, an oral, direct factor Xa inhibitor. Clin. Pharmacol. Ther. 2005, 78, 412–421. [CrossRef]
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