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Abstract

Dissolution is a pivotal tool for oral formulations. Dissolution could be used to either reduce the 

risk of product failure through quality control or predict and understand in vivo performance of 

drug formulations. The latter is always challenging because multiple factors such as selection 

of media, gastrointestinal components, physiological factors, consideration of fasted and fed 

state are involved. Previously published dissolution methods such as one-step dissolution in 

individual simulated gastric fluid, simulated intestinal fluid, or phosphate buffer saline did not 

signify the realistic gastrointestinal transit effect. Docetaxel (DTX), a poorly water-soluble drug, 

is commercially available only as injectable dosage forms, and thus many publications studied 

the development of oral DTX formulations. In our previous report, we developed oral lipid-based 

DTX granules that showed higher oral absorption in rats compared to DTX powder. However, 

one-step dissolution in simulated gastric fluid showed no difference between DTX granules and 

DTX powder. Therefore, the present study aimed to develop new two-step biorelevant dissolution 

methods for DTX oral formulations. In the study, new two-step biorelevant dissolution methods in 

fasted or fed states with pancreatin were developed and compared with other previously reported 

dissolution methods. The new two-step biorelevant dissolution methods successfully discriminated 

the difference of dissolution between DTX granules and DTX powder, which reflected the in vivo 
difference of absorption of these two formulations. Moreover, food effects were confirmed for 

DTX. The new dissolution methods have the potential to be used to predict and understand in vivo 
performance of oral solid dosage forms.
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INTRODUCTION

Dissolution testing is a pivotal analytical parameter for oral solid dosage forms and is 

considered throughout product development and manufacturing. Dissolution testing could be 
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used to either reduce the risk of product failure by matching quality control requirements 

or predict and understand in vivo performance. The latter is always a challenging task 

because multiple factors such as selection of appropriate media, components, physiological 

factors, consideration of fasted and fed conditions are involved in the design. However, 

irrespective of the purpose, compendial media that mimick only a pH range (from 1.2 to 7.4) 

of gastrointestinal fluids do not evaluate oral formulations in physiologic conditions. These 

media include simulated gastric fluid (SGF), simulated intestinal fluid (SIF), or phosphate 

buffer saline (PBS) with or without surfactants (1, 2). For poorly water-soluble drugs, adding 

surfactants such as Tween-80, sodium lauryl sulfate, and Triton-X 100 in the dissolution 

media is recommended (2, 3). However, these media are not physiologically relevant and 

often result in over or underestimation of drug release that leads to inapt prediction for in 
vivo performance (4).

To overcome these limitations and to predict the in vivo performance of drug formulations 

more closely, novel biorelevant dissolution methods have been introduced since last 

few years to simulate stomach and intestinal environment in terms of contents, in vivo 
hydrodynamics, pH, buffer capacity, surface tension, and osmolality (5, 6). Biorelevant 

dissolution methods could predict and help to understand in vivo performance, reduce 

the risk of drugs or formulations being incorrectly rejected, and render physiologically 

relevant results (7). In biorelevant media, fasted and fed state conditions need to be 

considered to understand the impact of meals on drug release. Taking physiological aspects, 

gastrointestinal transit (from low pH to high pH) after oral administration also should be 

considered for dissolution method development. Hence, performing dissolution in individual 

SGF, SIF, PBS, or biorelevant media as one step would not represent the realistic transit 

effect. A two-step dissolution, in which a formulation is initially put into gastric fluid 

and after certain time-points, physiological components are added into the same vessel to 

mimick intestinal fluid, is employed to closely resemble the gastrointestinal transit.

Among developed and under pipeline chemical entities, poorly water-soluble drugs own 

nearly 40% of the entire drugs, thus creating ample challenges for the development of 

effective oral formulations (8). Lipid-based formulations have been widely used to solve the 

challenges (9). Dissolution method development for these lipid-based formulations is highly 

critical. Because of limited solubility in the dissolution media, complex in vivo aspects 

such as rate of precipitation, digestion of lipids in the presence of enzymes, formation of 

different colloidal phases, and drug disposition have to be considered (10, 11). Docetaxel 

(DTX), a widely used anticancer drug, is a poorly water-soluble drug. It is commercially 

available only as intravenous formulations. Several investigations have been published on 

oral DTX formulations (12–16). Among few published reports, dissolution was performed 

as one-step either in a hydroalcoholic mixture or in PBS (pH 7.4) containing Tween-80 (12, 

15, 16). These dissolution media do not mimic in vivo environment because Tween-80 or 

hydroalcoholic media are not physiologically present. Moreover, higher solubilizing effects 

produced by these media would mislead the prediction of in vivo performance. For example, 

in our previous study, we have developed lipid-based DTX granules that produce in situ 
self-assembled nanoparticles (ISNPs) upon contact with water. We tested the dissolution 

of DTX granules and DTX powder in SGF (pH 1.2) as well as in vivo absorption in rats 

(17). DTX powder and DTX granules had similar dissolution profiles, although the DTX 
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granules produced over 10-fold higher liver absorption compared to DTX powder in rats 

(17). DTX granules produce lipid-based nanoparticles that could generate a supersaturated 

condition to facilitate DTX dissolution in vivo. Indeed, in our previous studies, DTX 

granules were given to mice at 5 mg/kg. At this dose, the concentration of DTX granules in 

the mouse stomach (~250 ug/mL) was over the saturated solubility of DTX. Therefore, for 

lipid-based formulations of poorly water-soluble drugs, new two-step biorelevant dissolution 

methods are especially warranted to compare different formulations and understand in vivo 
performance.

The present study aimed to develop new two-step biorelevant dissolution methods for 

DTX oral formulations. We developed new two-step biorelevant dissolution methods and 

compared them with previously reported dissolution methods for oral DTX formulations. 

Five different dissolution media studied for DTX granules and DTX powder included (i) 

one-step dissolution in PBS with 0.5% Tween-80, (ii) one-step dissolution in SGF, (iii) 

two-step dissolution in SGF and SIF with pancreatin, (iv) two-step biorelevant dissolution 

in fasted SGF (FaSGF) and fasted SIF (FaSIF) with pancreatin, and (v) two-step biorelevant 

dissolution in fed SGF (FeSGF) and fed SIF (FeSIF) with pancreatin. Among them, media 

(i) and (ii) are general compendial dissolution media given to guide the development of 

dissolution methods for specific drugs. In the past, very few reports were published wherein 

biorelevant dissolution media has been validated and used for in vitro simulation (4, 7). To 

the best of our knowledge, this is the first report wherein two-step biorelevant dissolution 

methods were developed and compared with compendial dissolution media for oral DTX 

formulations.

MATERIALS AND METHODS

Materials

DTX was purchased from LC Laboratories (Woburn, MA). Sodium taurocholate 

was purchased from Merck Millipore (Billerica, MA). Potassium dihydrogen 

phosphate, disodium hydrogen phosphate, potassium chloride, calcium chloride, and tris-

hydroxymethyl aminomethane (TRIS) maleate were purchased from Acros Organics (Fair 

Lawn, NJ). Tween-80 was obtained as a gift from BASF (Florham Park, NJ). Pepsin and 

acetonitrile (HPLC grade) were purchased from Fisher Scientific (Pittsburgh, PA). Sodium 

chloride, sodium hydroxide, hydrochloric acid, and acetic acid were purchased from Sigma-

Aldrich (St. Louis, MO). Pancreatin powder (from porcine pancreas) was purchased from 

Thermo Scientific (Fail Lawn, NJ). Powdered lecithin was purchased from MP biomedicals 

(Solon, OH). Whole milk manufactured by Great Value was purchased commercially from 

Walmart store.

The media were prepared according to the literature (3, 4, 18, 19), and the composition of 

each medium is summarized in Table I. To prepare pancreatin solution, 20% of pancreatin 

powder were dispersed in distilled water and centrifuged for 15 min at 5000 rpm at 5°C. The 

clear supernatant was collected as the pancreatin solution used in the experiments below. 

The pancreatin solution was prepared freshly and stored in a refrigerator until used. Lecithin 

and taurocholate need a long time to dissolve. Thus, FaSIF and FeSIF were prepared 1 

day before the experiments and stored in a refrigerator until used. For FeSGF, a solution 
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containing acetate buffer and sodium chloride was mixed with milk at a 1:1 ratio on the day 

of the experiments. The medium was adjusted to pH 5.0 to make the final FeSGF.

Preparation of DTX Formulations for Dissolution

DTX granules were prepared as reported previously (17). Briefly, DTX powder was added 

into a mixture of Miglyol 812 and TPGS (1:1 ratio) and mixed on a hot plate for 20 min 

at 50°C. Aeroperl 300 was then added into this mixture, allowed to mix and cool down at 

room temperature to obtain DTX granules. DTX powder was prepared by mixing free DTX 

with Avicel pH. The drug loading of DTX powder and DTX granules was 9.3%. For each 

dissolution study, 50 mg of DTX powder or DTX granules, equivalent to 4.6 mg of DTX, 

was added into the dissolution medium.

Size Measurement of DTX Granules

DTX granules were placed in Milliq water, vortexed for 30 s, and centrifuged at 14,000 rpm 

for 5 min at room temperature. To measure particle size, the supernatant was diluted with 

Milli-Q water and measured by Zetasizer Ultra (Malvern Panalytical, Malvern, UK).

Solubility Measurements of DTX in Dissolution Media

The solubility of DTX was measured in dissolution media. Briefly, in a glass vial, excess 

of DTX was added into 5 mL of individual dissolution medium. Vials were placed on a 

digital block heater (Thermo Scientific, Waltham, MA) for overnight mixing at 37°C. After 

12 h, the suspension was centrifuged at 14,000 rpm for 5 min, and 0.1 mL of supernatant 

was diluted with 1.4 mL of methanol, which was further vortexed at 3000 rpm for 1 min 

and centrifuged at 14,000 rpm for 5 min to precipitate impurities produced after the addition 

of methanol. After centrifugation, DTX concentration in the supernatant was measured by 

a previously reported HPLC method (17). The solubility measurement was conducted three 

times for each medium.

In Vitro Lipolysis in FaSIF

Lipolysis of DTX granules in FaSIF (pH 7.4) in the presence and absence of pancreatin was 

performed to characterize the digestion of lipid in DTX granules as previously described 

with modification (19, 20). FaSIF (36 mL) was taken in a glass beaker under continuous 

stirring at 300 rpm at 37°C. DTX granules (50 mg) were added to the glass vessel. After 

dispersion for 10 min, 4 mL of pancreatin solution were added into the vessel to initiate 

digestion. Free fatty acids (FFAs) generated during lipolysis were titrated against 0.05 

M NaOH to achieve the endpoint (pH 7.4) using a pH-stat titrator (Easy pH, Mettler 

Toledo). To measure particle size, 0.5 mL of samples was withdrawn before the addition of 

pancreatin and after the endpoint, and particle size was measured by Zetasizer Ultra. The 

experiments were conducted three times.

One-Step Dissolution in PBS with 0.5% Tween-80

Dissolution of DTX powder and DTX granules in PBS (pH 7.4) containing 0.5% Tween-80 

was studied over 4 h. In our previous studies, DTX granules were given to mice at 5 

mg/kg. At this dose, the concentration of DTX granules in the mouse stomach (~250 ug/mL) 
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was over the saturated solubility of DTX. To mimic the condition and understand the oral 

absorption of DTX granules, the dissolution was not performed in a sink condition. Briefly, 

DTX powder or DTX granules (equivalent to 4.6 mg of DTX) were placed in 36 mL of PBS 

with 0.5 Tween-80 in a glass beaker and stirred at 100 rpm at 37°C for 4 h. At predetermined 

time intervals, 1 mL of sample was withdrawn and centrifuged at 14,000 rpm for 5 min to 

obtain clear supernatant. One part of this supernatant (0.2 mL) was diluted with methanol 

and vortexed at 3000 rpm for 1 min and further centrifuged at 14,000 rpm for 5 min 

to remove impurities produced after the addition of methanol. After centrifugation, DTX 

concentration in the supernatant was measured by HPLC as previously described (17). The 

other part of the supernatant (0.2 mL) was diluted with Milli-Q water to measure particle 

size by Zetasizer Ultra. The experiments were conducted three times.

One-Step Dissolution in SGF

Dissolution of DTX powder and DTX granules was performed in SGF (pH 1.2) as described 

above for the dissolution in PBS with 0.5% Tween 80. Instead of using PBS with 0.5% 

Tween 80, SGF was used as the dissolution medium. The experiments were conducted three 

times.

Two-Step Dissolution in SGF and SIF with Pancreatin

Dissolution of DTX powder and DTX granules in two-step dissolution media containing 

SGF (pH 1.2) and SIF (pH 6.8) in the presence of pancreatin was performed over 4.5 h. 

Briefly, DTX powder or DTX granules were placed in a glass vessel with 21 mL of SGF 

under continuous stirring at 100 rpm at 37°C. At 10, 20, and 30 min, 1 mL of sample was 

withdrawn and centrifuged to obtain clear supernatant. At 30 min, 18 mL of concentrated 

SIF was added into the same vessel to get 36 mL of total volume, and 0.2 mL of 2 M NaOH 

was added to change the pH to 6.8. Pancreatin solution (4 mL) was then added to the vessel 

to initiate digestion. Samples were continually withdrawn at 45, 60, 120, 180, 210, and 270 

min. Concentrations of DTX in samples were measured by HPLC, and particle size was 

measured by Zetasizer Ultra as described above for the dissolution in PBS with 0.5% Tween 

80. The experiments were conducted three times.

Two-Step Dissolution in FaSGF and FaSIF with Pancreatin

Dissolution of DTX powder and DTX granules in two-step dissolution media containing 

FaSGF (pH 1.6) and FaSIF (pH 6.5) in the presence of pancreatin was performed over 4.5 

h. Briefly, DTX powder or DTX granules were placed in a glass beaker with 21 mL of 

FaSGF under continuous stirring at 100 rpm at 37°C. After 30 min, 18 mL of concentrated 

FaSIF was added into the same vessel to get 36 mL of total volume, and 0.18 mL of 2 

M NaOH was added to change the pH to 6.5. Pancreatin solution (4 mL) was then added 

to the vessel to initiate digestion. Sampling time points and sample measurement were 

performed as described above for the two-step dissolution in SGF and SIF with pancreatin. 

The experiments were conducted three times.

Shah and Dong Page 5

AAPS PharmSciTech. Author manuscript; available in PMC 2022 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two-Step Dissolution in FeSGF and FeSIF with Pancreatin

Dissolution of DTX powder and DTX granules in two-step dissolution media containing 

FeSGF (pH 5.0) and FeSIF (pH 5.8) in the presence of pancreatin was performed over 

4.5 h. Instead of using FaSGF and FaSIF as described above, FeSGF and FeSIF were 

used to conduct the experiments. Sampling time points and sample measurements were 

performed as described above for the two-step dissolution in SGF and SIF with pancreatin. 

The experiments were conducted three times.

Statistical Analysis

Each measurement was performed in triplicate. The results were reported as mean ± 

standard deviation (n = 3). The data were analyzed for statistical significance (p < 0.05) 

using an unpaired two-tailed Student t test at 95% confidence level.

RESULTS

DTX Granules and Nanoparticle Formation

DTX granules were prepared by mixing DTX, Miglyol 812, TPGS, and Aeroperl 300. Upon 

contact with water, Miglyol 812 and TPGS were released from Aeroperl 300 and formed 

ISNPs that encapsulated DTX. DTX ISNPs had particle size around 150 nm with narrow 

size distribution indicated by polydispersity index (PI.) below 0.3.

Solubility Measurements of DTX in Dissolution Media

The solubility of DTX in the compendial and biorelevant dissolution media was determined 

as shown in Table II. In case of the gastric fluids, solubility of DTX followed the order as 

FaSGF < SGF < FeSGF (1.56 μg/mL < 3.61 μg/mL < 20.3 μg/mL). Thus, the small amounts 

of sodium taurocholate and lecithin added in FaSGF did not increase the solubility compared 

to SGF. Solubility of DTX in the intestinal fluids was in the order of SIF < FaSIF < FeSIF 

(4.86 μg/mL < 5.93 μg/mL < 9.04 μg/mL with pancreatin or 3.87 μg/mL < 5.59 μg/mL < 

7.02 μg/mL without pancreatin).

In general, adding pancreatin increased the solubility of DTX in the medium (p < 0.05), 

except for FaSIF because the solubility of DTX in FaSIF and FaSIF with pancreatin had 

no significant difference (p > 0.05). Without pancreatin, solubility of DTX in FaSIF (5.59 

μg/mL) was significantly higher than that in SIF (3.87 μg/mL) (p < 0.05); however, with 

pancreatin they had no difference (4.86 μg/mL vs 5.93 μg/mL) (p > 0.05). Among the 

single medium, the solubility of DTX in PBS with 0.5% Tween-80 was the highest (32.5 

μg/mL) followed by 20.3 μg/mL in FeSGF. The combination of FaSGF and FaSIF did not 

significantly increase solubility compared to the single medium. However, the combination 

of FeSGF and FeSIF significantly increased solubility compared to either FeSGF or FeSIF. 

In all tested media, the combination of FeSGF and FeSIF with pancreatin gave the highest 

solubility (47.9 μg/mL).

In Vitro Lipolysis of DTX Granules

In vitro lipolysis of DTX granules in FaSIF (pH 7.4) in the presence of pancreatin was 

performed. As shown in Figure 1A, before the addition of pancreatin, monodispersed 
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DTX ISNPs (127.9 nm) generated by DTX granules were observed. After the addition 

of pancreatin for 60 min, a subpopulation at 50 nm was detected and particles became 

multidispersed.

The initial pH of FaSIF was 7.4. Right after the addition of pancreatin, pH was dropped to 

6.87, indicating the production of fatty acid by lipid digestion. The endpoint of pH 7.4 was 

achieved within 10 min with the titration using 0.05 M NaOH. Totally, 0.093 mmol free 

fatty acid was released during the study (Figure 1B). As a control, DTX granules without 

pancreatin maintained the pH of FaSIF at 7.4 over 60 min, indicating there was no lipid 

digestion in the control.

One-Step Dissolution in PBS with 0.5% Tween-80

PBS with 0.5% Tween-80 produced 13.8 nm of monodispersed particles (Figure 2A) 

because the critical micelle concentration of Tween-80 is around 0.3% (21). However, the 

presence of Tween-80 did not affect the particle size of DTX ISNPs. As shown in Figure 2A, 

the particle size of DTX ISNPs did not significantly change over 4 h (p > 0.05).

Dissolution of DTX granules and DTX powder in PBS with 0.5% Tween-80 showed 80% 

and 32% of DTX release within 10 min, respectively, and then kept constant for 4 h (Figure 

2B).

One-Step Dissolution in SGF

Dissolution of DTX granules and DTX powder in SGF was performed over 2 h. As per 

Figure 3A, DTX granules in SGF showed intact NPs over 2 h and particle size was below 

150 nm. The result demonstrated the stability of DTX ISNPs in the SGF for 2 h, and it was 

in line with our previously reported size stability study on DTX granules (17).

As per Figure 3B, within 20 min 18% of DTX were released from DTX granules, and 

then DTX release was declined to 10% at 2 h. In contrast, DTX powder showed 13% DTX 

release at 10 min after which DTX release gradually decreased to 5% at 2 h. The decline 

from both groups could be as a result of precipitation of initially dissolved DTX (within the 

first 20 min) in SGF due to poor water solubility. However, there was a significant difference 

(p < 0.05) between both the groups at each time point.

Two-Step Dissolution in SGF and SIF with Pancreatin

Two-step dissolution of DTX granules and DTX powder in SGF for 30 min followed by SIF 

over 4.5 h in the presence of pancreatin was performed. As per Figure 4A, DTX granules 

showed intact ISNPs in SGF. After switching to SIF with pancreatin, ISNPs remained intact 

over 4.5 h. The data demonstrated the size stability of the DTX ISNPs in the SGF and SIF 

media in the presence of pancreatin.

In SGF, 18% of DTX were released from DTX granules within 10 min (Figure 4B). After 

switching to SIF with pancreatin, DTX release from DTX granules increased to 24% at 45 

min (Figure 4B). For DTX powder, the highest release was observed at 10 min in SGF. After 

changing to SIF with pancreatin, the release did not increase. DTX release from granules 
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and powder in two-step dissolution showed a significant difference at all time points (p < 

0.05).

Two-Step Dissolution in FaSGF and FaSIF with Pancreatin

Two-step dissolution of DTX granules and DTX powder in fasted state biorelevant media 

containing FaSGF for 30 min followed by FaSIF in the presence of pancreatin over 4.5 h 

was performed. Figure 5A shows the particle size in the media before and after dissolution. 

Surfactants such as sodium taurocholate and lecithin that could form colloid particles were 

added into the media; thus, FaSGF and FaSIF contained particles at 300 nm and 100 nm, 

respectively. Adding pancreatin increased particle size to 550 nm. During the dissolution 

study, the particle size of the media was maintained at 100 nm.

As shown in Figure 5B, DTX was released from DTX granules up to 18% at 10 min in the 

FaSGF. After switching to FaSIF with pancreatin, DTX further released from DTX granule 

to 33% at 1 h and then declined to 20% at 3 h. The maximum release of DTX from DTX 

powder was 10% in both FaSGF and FaSIF. There was a significant difference (p < 0.05) 

between the release of DTX from granules and powder in the fasted state dissolution at all 

the time points

Two-Step Dissolution in FeSGF and FeSIF with Pancreatin

Two-step biorelevant dissolution of DTX granules and DTX powder in a fed state containing 

FeSGF for 30 min followed by FeSIF in the presence of pancreatin over 4.5 h was 

performed. In FeSGF, milk and surfactants were added into the media, which generated 

colloid particles. Thus, the blank media contained particles with a size around 300 nm 

(Figure 6A). During the dissolution, although particle size in the medium with DTX 

granules did not change, particle size distribution was various as indicated by P.I. > 0.3. 

After the addition of pancreatin, particle size became multidispersed.

As shown in Figure 6B, in the FeSGF, 25% of DTX were released from DTX granules 

within 10 min and 22% of DTX was released from DTX powder within 20 min. After 

switching to FeSIF with pancreatin at 30 min, DTX quickly released from DTX granules to 

66% at 45 min and reached a maximum release of 88% at 3.5 h, while DTX powder reached 

40% release at 45 min and maintained up to 4.5 h. There was a significant difference (p < 

0.05) between the release of DTX from granules and powder in the fed state dissolution at 

all the time points.

DISCUSSION

Dissolution has been used by research laboratories, industries, and regulatory agencies for 

various purposes such as formulation development, batch-to-batch consistency, and approval 

of solid oral dosage forms. Dissolution also is used to compare different formulations to 

select an optimal formulation, give guidance for in vivo evaluation, and understand oral 

absorption. For BCS IV compounds such as DTX, due to their poor solubility and poor 

permeability, it is often challenging to select a dissolution method that could predict in 
vivo performance of drug formulations. Dissolution of the poorly soluble drugs has been 

performed in compendial media such as SGF, SIF, and PBS with or without a surfactant 

Shah and Dong Page 8

AAPS PharmSciTech. Author manuscript; available in PMC 2022 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3, 18). In addition, for poorly soluble drugs, it has been recommended to study dissolution 

using the biorelevant test media to mimic the transaction of drug formulations in the entire 

gastrointestinal tract (4, 7). Here, we tested five different dissolution methods to compare 

DTX granules and DTX powder to develop two-step biorelevant dissolution methods.

Solubility is a key driving force for drug dissolution. The solubility of DTX in each 

tested medium was measured. The addition of different components in dissolution media 

significantly impacted drug solubility in the media. As expected, surfactants such as 

Tween-80, lecithin, and bile salts increased DTX solubility in the media (Table II). 

Moreover, food components such as milk and TRIS maleate greatly increased DTX 

solubility, indicating there would be food effects for this drug. Interestingly, the addition of 

pancreatin also increased DTX solubility. Milk and surfactants produced colloid particles in 

the fasted and fed state media (Figures 5A and 6A), which could further increase solubility 

(22, 23). However, because of colloid particles in blank media, monitoring particle size of 

drug nanoparticles during the dissolution testing is impossible by using current experimental 

techniques. It needs caution when one tries to correlate the dissolution of drug nanoparticles 

with nanoparticle size. A two-step biorelevant dissolution involves both gastric and intestinal 

fluids. When two fed state media (FeSGF and FeSIF) were combined, milk, bile salt, and 

surfactant from each medium were combined in one medium. Also, pancreatin digested 

milk to produce other components in media. These materials added together produced 

more colloid particles and solubilization powder than those in a single medium, which 

significantly increased DTX solubility. As shown in Figure 6A, stable colloid particles were 

detected in the media in the course of two-step dissolution. Thus, synergistic effects were 

observed as the combination caused higher solubility than any single medium (Table II). 

Moreover, DTX granules and DTX powder showed different impacts on DTX solubility. For 

DTX powder, the final concentration of DTX in the dissolution testing was similar to its 

solubility in the corresponding medium. However, for DTX granules, the final concentration 

of DTX in the dissolution testing was 2-fold higher than its solubility in the medium, 

indicating DTX granules generated a supersaturated condition during the dissolution that 

facilitated DTX release. Surfactant and lipid in DTX granules could be attributed to this 

supersaturated condition observed in the dissolution studies.

According to our previous animal studies, DTX granules increased 10-fold drug absorption 

in the liver compared to DTX powder (17). In this previous publication, we measured the 

dissolution of DTX granules and DTX powder in a concentration close to a sink condition 

using USP paddles at 75 rpm and did not observe a significant difference in dissolution 

profiles between DTX granules and DTX powder (17). In this study, more concentration 

of DTX was used in SGF dissolution. Although there was a significant difference when 

comparing the dissolution at each time point (p < 0.05), the total release of DTX granules 

and DTX powder in SGF were similar, 18% vs 13% (Figure 3B). This means SGF is 

not a suitable medium to compare DTX granules and DTX powder to understand in vivo 
performance. Although PBS with 0.5% Tween-80 differentiated DTX granules and DTX 

powder (Figure 2), this medium is irrelevant to physiological conditions and cannot be used 

to predict and understand in vivo performance. In fact, media with surfactants are normally 

used for quality control during drug manufacturing to control batch-to-batch consistency 

(24). Oral drug absorption involves two steps—in the stomach and small intestine. To 
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mimic the physiological environment in drug absorption, two-step biorelevant dissolution is 

preferred. Without considering food effects, the two-step dissolution was performed in SGF 

for 30 min and then in SIF with pancreatin for 3.5 h (Figure 4B). In this method, DTX 

granules showed 10% higher release than DTX powder. However, less than 25% of DTX 

was released from DTX granules, which could not explain the good absorption of DTX 

granules we observed in animal studies. The two-step dissolution in fasted condition had 

similar results with the two-step dissolution in SGF and SIF (Figures 4B and 5B). When 

food effects were considered, the combination of fed state media significantly increased 

the solubility of DTX (Table II) because of the synergistic effects; thus, the DTX release 

increased to 88% (Figure 6B). Compared to DTX powder, DTX granules increased 40% 

of release in the two-step fed state dissolution. The overall results demonstrated that DTX 

had food effects on oral absorption. Comparing DTX granules and DTX powder for food 

effects, food had a higher impact on DTX granules than DTX powder, because the increase 

of dissolution caused by food was 50% for DTX granules and 30% for DTX powder, 

respectively (Figures 5B and 6B). DTX is a BCS IV drug. Food components in gastric and 

intestinal fluids increased the solubility of DTX (Table II). Thus, there were food effects 

observed for DTX powder. DTX granules were lipid-based granules. Miglyol 812, the lipid 

in DTX granules, was continually digested by pancreatin to produce free fatty acid just like 

a lipid in food (Figure 1). It is known that lipid digestion stimulates the body to produce 

bile salts that facilitate drug dissolution and absorption (4, 7). Thus, DTX granules showed 

more food effects than DTX powder. In our previous animal studies, we did not control food 

consumption. Indeed, we observed more variation in absorption in animals treated with DTX 

granules than in those treated with DTX powder. Now, the different variation previously 

observed in the two treatment groups is explained by the dissolution results here. For future 

animal studies about oral absorption of DTX formulations, controlling food consumption is 

recommended.

CONCLUSIONS

While there are several dissolution methods reported, methods for poorly soluble and poorly 

permeable drugs that simulate in vivo performance have remained a huge challenge in 

the area of oral drug delivery. By using DTX oral formulations as a model BCS IV drug 

formulation, two-step biorelevant dissolution methods including fasted and fed conditions 

were developed. DTX granules spontaneously produced DTX ISNPs upon contact with 

water. Particle size measurement of DTX ISNPs was interrupted by colloid particles 

that were produced by food components and surfactants in the dissolution media. Food 

significantly increased the solubility of DTX. The two-step dissolution studies in fasted 

condition and fed condition further confirmed the food effects on DTX. DTX granules 

were more impacted by food effects than DTX powder, because of the lipid component in 

DTX granules. The two-step biorelevant dissolution results explained the variation observed 

in previous animal studies in which food consumption was not controlled. In summary, 

the two-step biorelevant dissolution methods have the potential to be used to predict and 

understand in vivo performance of oral solid dosage forms.
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Fig. 1. 
In vitro lipolysis of DTX granules in FaSIF (pH 7.4). A Particle size in the medium with 

DTX granules at 10 min before the addition of pancreatin and at 60 min at the end of 

lipolysis. B The amount of free fatty acid produced during the lipolysis of DTX granules in 

the presence of pancreatin (n=3)
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Fig. 2. 
One-step dissolution of DTX granules and DTX powder in PBS (pH 7.4) with 0.5% 

Tween-80. A Particle size in the medium with DTX granules at 10 min, 60 min, 180 min and 

240 min (n=3). B One-step dissolution profiles of DTX granules and DTX powder in PBS 

with 0.5% Tween-80 over 4 h (n=3)
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Fig. 3. 
One-step dissolution of DTX granules and DTX powder in SGF (pH 1.2). A Particle size in 

the medium with DTX granules at 10 min, 30 min, 60 min, and 120 min (n=3). B One-step 

dissolution profiles of DTX granules and DTX powder measured over 2 h (n=3)
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Fig. 4. 
Two-step dissolution of DTX granules and DTX powder in SGF (pH 1.2) for 30 min and in 

SIF (pH 6.8) with pancreatin for 4.5 h. A Particle size in the medium with DTX granules at 

30 min, 45 min, 120 min, and 270 min. B Two-step dissolution profiles of DTX granules and 

DTX powder measured over 4.5 h (n=3)
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Fig. 5. 
Two-step dissolution of DTX granules and DTX powder in FaSGF (pH 1.6) for 30 min 

and in FaSIF (pH 6.5) for 4.5 h with pancreatin. A Particle size in the medium with DTX 

granules at 30 min, 45 min, 120 min, and 270 min. B Two-step dissolution profiles of DTX 

granules and DTX powder measured over 4.5 h (n=3)
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Fig. 6. 
Two-step dissolution of DTX granules and DTX powder in FeSGF (pH 5.0) for 30 min 

and in FeSIF (pH 5.8) with pancreatin for 4.5 h. A Particle size in the medium with DTX 

granules at 30 min, 45 min, 120 min, and 270 min. B Two-step dissolution profiles of DTX 

granules and DTX powder measured over 4.5 h (n=3)
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Table II

Solubility of Docetaxel in the Dissolution Media (n=3)

Dissolution media Solubility at 37°C (μg/mL)

PBS with 0.5% Tween-80 32.5 ± 0.57

SGF pH 1.2 3.61 ± 0.52

FaSGF pH 1.6 1.56 ± 0.47

FeSGF pH 5.0 20.3 ± 0.60

SIF pH 6.8 3.87 ± 0.26

SIF pH 6.8 + pancreatin 4.86 ± 0.36

FaSIF pH 6.5 5.59 ± 0.38

FaSIF pH 6.5 + pancreatin 5.93 ± 0.42

FeSIF pH 5.8 7.02 ± 0.54

FeSIF pH 5.8 + pancreatin 9.04 ± 0.10

SGF pH 1.2 + SIF pH 6.8 6.43 ± 0.08

SGF pH 1.2 + SIF pH 6.8 + pancreatin 7.88 ± 0.57

FaSGF pH 1.6 + FaSIF pH 6.5 2.58 ± 0.50

FaSGF pH 1.6 + FaSIF pH 6.5 + pancreatin 4.63 ± 0.27

FeSGF pH 5.0 + FeSIF pH 5.8 41.3 ± 1.23

FeSGF pH 5.0 + FeSIF pH 5.8 + pancreatin 47.9 ± 0.65
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