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Abstract 

Supersaturating formulations are increasingly being used to improve the absorption of orally administered 

poorly water-soluble drugs. To better predict outcomes in vivo, we must be able to accurately determine the 

degree of supersaturation in complex media designed to provide a surrogate for the gastrointestinal 

environment. Herein, we demonstrate that relying on measurements based on consideration of the total 

dissolved concentration, leads to under-estimation of supersaturation and consequently membrane transport 

rates. Crystalline and amorphous solubilities of two compounds, atazanavir and posaconazole, were 

evaluated in six different media. Concurrently, diffusive flux measurements were performed in a side-by-

side diffusion cell to determine the activity-based supersaturation by evaluating membrane transport rates 

at the crystalline and amorphous solubilities. Solubility values were found to vary in each medium due to 

different solubilization capacities. Concentration-based supersaturation ratios were also found to vary for 

the different media. Activity-based measurements however, were largely independent of the medium, 

leading to relatively constant values for the estimated supersaturation. These findings have important 

consequences for modeling and prediction of supersaturation impact on the absorption rate, as well as for 

better defining the thermodynamic driving force for crystallization in complex media. 
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Introduction 

Modern drug discovery strategies have led to an increase in therapeutic candidates with complex molecular 

structures and challenging physicochemical properties.1,2 One major issue with these prospective drugs is 

their poor aqueous solubility which potentially hinders oral delivery. As a result, there has been a great deal 

of interest in formulations that generate supersaturated solutions of these practically insoluble 

compounds.3,4 Supersaturation is attained when the thermodynamic activity (and the related entity, the 

chemical potential) of a solute in the solution phase is higher than that of the solute at equilibrium with the 

most stable crystalline form.5 Supersaturation is typically reported as the supersaturation ratio (SRconc) using 

concentration measurements: 

𝑆𝑅𝑐𝑜𝑛𝑐 =
𝐶

𝐶𝑒𝑞
  (1) 

where C is the concentration of the drug in the medium of interest and Ceq is the drug crystalline solubility 

in exactly the same medium (i.e. identical pH, buffer components, ionic strength, micellar species etc). 

From a clinical perspective, the presence of a drug at a higher concentration than its equilibrium solubility 

i.e. in a supersaturated state, provides an enhanced driving force for absorption, which in turn can positively 

impact bioavailability.6–11 Hence, diffusive flux across a membrane increases linearly with supersaturation, 

up to a certain supersaturation limit.10,12 Beyond this limit, liquid-liquid phase separation (LLPS) occurs, 

with the formation of colloidal drug-rich aggregates.12,13 The occurrence of LLPS marks the upper limit of 

supersaturation which can be achieved, whereby the concentration at which LLPS occurs is closely related 

to the amorphous solubility of a compound. Since no further increase in the free drug concentration in the 

solution phase can be achieved above the amorphous solubility, the diffusive flux becomes relatively 

constant for concentrations beyond that limit.10 Nevertheless, the formation of these colloidal species has 

been hypothesized to be beneficial for oral drug delivery, by serving as a reservoir and continuously 

replenishing the absorbed drug.10,14 Diffusion through the unstirred water layer is often considered the rate-

limiting step for intestinal uptake of highly permeable lipophilic compounds.15–17 Therefore, particle 

drifting into the unstirred water layer, has also been suggested as a mechanism by which absorption is 

enhanced by colloidal drug aggregates.18,19 It should be noted that supersaturated solutions as well as phase 

separated systems containing colloidal drug-rich aggregates will only exist if crystallization is prevented or 

retarded. 

When assessing supersaturating formulations during preclinical development, it is important to consider a 

variety of factors including the physicochemical properties of the drug and the relative stability of the 

supersaturated state in the dissolution medium. Understanding supersaturation thermodynamics for relevant 

in vivo conditions can be advantageous from a formulation design standpoint. Thus, performing 
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supersaturation assessment in biorelevant conditions is pivotal for reasonable prediction of eventual 

intraluminal performance. Biorelevant media have gained increasing attention in pharmaceutical 

development, where their utilization is intended to better mimic the composition of the gastrointestinal 

fluids, as compared to simple aqueous buffer solutions. The presence of solubilizing species including bile 

salts and phospholipids, in addition to other solution properties such as pH, can greatly alter supersaturation 

and phase behavior of lipophilic compounds. In particular, for supersaturating formulations, the impact of 

dissolution media on factors such as the amorphous solubility (maximum degree of supersaturation) and 

supersaturation duration, is poorly understood. Further, comparisons between the thermodynamic 

properties and membrane transport rates of supersaturated drug solutions in simulated versus human 

intestinal fluids have not been made, yet are essential to enhance the predictability of in vitro assessments.  

Recent characterization studies of human intestinal fluids (HIF) have identified six main bile salts that 

constitute approximately 98.4% of the biological surfactant content in the gastrointestinal tract.20 These 

include sodium taurocholate (STC), sodium taurodeoxycholate (STDC), sodium taurochenodeoxycholate 

(STCDC), sodium glycocholate (SGC), sodium glycodeoxycholate (SGDC), and sodium 

glycochenodeoxycholate (SGCDC). The molecular structure of bile salts is distinctive with a steroid ring 

system to which three (STC and SGC) or two hydroxyl groups (STDC, STCDC, SGDC and SGCDC) are 

attached.21–23 The critical micelle concentration (CMC) of bile salts is usually not well-defined, since they 

exhibit a complex pattern of self-association, including dimerization as well as the formation of micellar 

aggregates and higher oligomers/multimers.24–26 Variations in the substitution/orientation of the hydroxyl 

or presence of tauro/glyco groups on the bile salt structure alter the CMC range, resulting in different 

solubilization capacities among the various bile salts.27 In addition to bile salts, lecithin (composed of a 

mixture of phospholipids) is another main component of HIF. The presence of lecithin lowers the CMC of 

bile salts and leads to the formation of mixed micelles.28,29 

Current commercial biorelevant media such as fasted/fed-state simulated intestinal fluid (Fa/FeSSIF) 

contain a single bile salt, STC. The first version of FaSSIF (FaSSIF-V1) utilizes a sodium phosphate buffer 

and contains STC and lecithin in concentrations of 3 mM and 0.75 mM, respectively.30 The refined version 

of FaSSIF (FaSSIF-V2), introduced in 2008,31 replaces the sodium phosphate buffer with a maleic acid-

based buffer, and decreases the lecithin content to 0.2 mM. Both versions of FaSSIF have a pH of 6.5. 

However, both commercial media are oversimplified in their composition relative to HIF since they contain 

only a single bile salt (STC). Studies from our group have shown that bile salts are not interchangeable in 

terms of their impact on the solution thermodynamic properties,32 or on the stability of supersaturated 

solutions to crystallization.33,34 Moreover, little is known about the behavior of supersaturated drug 

solutions in aspirated HIF, and how well this behavior can be mimicked by simulated biorelevant media. 

The difference in the composition of the commercially-available biorelevant media versus HIF could affect 
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their relative solubilization capacity, both for crystalline drug, as well as for supersaturated solutions. 

Theoretically, differences in solubilization capacity between media may impact the perceived 

supersaturation extent when evaluated based on the total dissolved concentration (Equation 1).35,36 This 

could be particularly important when evaluating aspirated fluids following oral dosing to assess the extent 

to which supersaturation has occurred, as well as using simulated media to predict in vivo supersaturation.  

Thus, it is imperative to evaluate supersaturation based on measurement of the solute activity, which can 

be viewed as the ‘effective’ drug concentration, and to determine how well the concentration-based value 

correlates with this more rigorous parameter. 

In this work, the hypothesis to be tested is that the maximum supersaturation that can be achieved is dictated 

by the effective drug concentration (i.e. the solute activity), at the amorphous solubility of the compound. 

Further, the effective drug concentration in the presence of an amorphous precipitate is expected to be 

largely independent of the type of biorelevant medium employed. We further hypothesize that using total 

dissolved concentrations to determine the supersaturation ratio, as per Equation 1, will lead to incorrect 

conclusions about the thermodynamic driving force for membrane transport and solute crystallization. To 

test this hypothesis, we assess the impact of different media on the crystalline and amorphous solubilities, 

supersaturation ratios and membrane transport rates, for two poorly-soluble drugs. Here, the assumption is 

that the membrane transport rate is dictated by the solute activity gradient.37 The two model compounds 

used are atazanavir (log P: 4.5, pKa: 4.52)38 and posaconazole (log P: 4.6, pKa: 3.6 and 4.6).39,40 These 

compounds are both weak bases, and therefore likely to undergo supersaturation upon transfer from the 

gastric environment to the small intestine. The media used included two simple buffers namely sodium 

phosphate and maleic acid buffer, and two commercial biorelevant media, FaSSIF-V1 and FaSSIF-V2. 

Additionally, fasted-state aspirated human intestinal fluid (FaHIF) was used to systematically evaluate 

differences between both simulated media and aspirated biologic fluid. Finally, a modified version of 

FaSSIF comprised of the six most prevalent bile salts, plus lecithin, (Composite-FaSSIF) was prepared to 

more closely mimic the composition of FaHIF, from a simulated medium perspective. By measuring the 

crystalline solubility, the amorphous solubility and diffusive flux across a membrane, the varying impact 

of all six media on the thermodynamic properties of supersaturated solutions for two compounds was 

investigated. 

Materials 

Atazanavir (free base) and posaconazole (Form I), shown in Figure 1, were purchased from ChemShuttle 

(Hayward, CA). Hydroxypropyl methylcellulose acetyl succinate (HPMC-AS) MF grade was supplied by 

Shin-Etsu Chemical Co. (Tokyo, Japan). Acetonitrile, dichloromethane (DCM), dimethyl sulfoxide 

(DMSO), hydrochloric acid (HCl), maleic acid, methanol, sodium chloride, and sodium phosphate 
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monobasic monohydrate were bought from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide (NaOH) 

was purchased from Avantor Performance Materials, LLC (Radnor, PA). A regenerated cellulose 

membrane with a molecular weight cutoff (MWCO) of 6-8 kDa was acquired from Spectrum Laboratories, 

Inc. (Rancho Dominguez, CA). FaSSIF/FeSSIF/FaSSGF and FaSSIF-V2 powders were purchased from 

Biorelevant (London, UK). L-α-Phosphatidylcholine (lecithin, ≥99%), sodium taurocholate hydrate, (STC 

[≥97%]), sodium glycocholate, (SGC [≥95%]), sodium taurodeoxycholate, (STDC [≥95%]), sodium 

glycodeoxycholate, (SGDC [≥97%]), sodium taurochenodeoxycholate, (STCDC [≥97%]), and sodium 

glychochenodeoxycholate, (SGCDC [≥97%]) were obtained from Sigma-Aldrich (St. Louis, MO). Fasted-

stated human intestinal fluid (FaHIF) was collected from healthy human volunteers as detailed below. 

 

Figure 1. Molecular structures of atazanavir (left), and posaconazole (right). 

Methods 

Media selection and preparation 

Six different media were used in this study. Two blank (without bile salts/lecithin) aqueous buffers were 

prepared as described previously.30,31 These two buffers are referred to as FaSSIF-V1 blank phosphate 

buffer (buffer-V1) and FaSSIF-V2 blank maleic acid buffer (buffer-V2), respectively. 

FaSSIF/FeSSIF/FaSSGF powder was added to buffer-V1 to create FaSSIF-V1,30 whilst FaSSIF-V2 powder 

was added to buffer-V2 to make FaSSIF-V2.31 Composite-FaSSIF was prepared using buffer-V1. The 

composition of composite-FaSSIF was based on a recent characterization of FaHIF by Riethorst et al.,20 

where the total bile salts concentration was 3 mM, which is equivalent to the STC concentration in FaSSIF-

V1 and FaSSIF-V2. In addition, 0.2 mM of lecithin was added to this medium. Preparation of composite-

FaSSIF was performed as described before.36 Briefly, all six bile salts were weighed, added to buffer-V1, 

stirred and then allowed to settle for 30 min. Meanwhile, 0.2 mM of lecithin was dissolved in 

dichloromethane (DCM) and titrated into the aqueous bile salt mixture. The composite-FaSSIF mixture was 
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then stirred at 500 rpm, maintained at 50°C for 30 min to evaporate the organic phase from the aqueous 

mixture. The initial volume of added DCM was always kept to less than 1% of the total solution volume. 

All of the aforementioned media were adjusted to pH 6.5. The composition of the various media is 

summarized in Table 1. 

Table 1. Detailed composition of the bile salts and lecithin for FaSSIF-V1, FaSSIF-V2 and composite-FaSSIF. 

 FaSSIF-V1 FaSSIF-V2 Composite-FaSSIF 

STC 3 mM 3 mM 0.36 mM 

STDC   0.36 mM 

STCDC   0.18 mM 

SGC   0.84 mM 

SGDC   0.45 mM 

SGCDC   0.81 mM 

Lecithin 0.75 mM 0.2 mM 0.2 mM 

 

Sampling and handling of FaHIF  

Human intestinal fluids were collected at the University Hospitals Leuven as part of a previously published 

study.20 The sampling procedure was approved by the Ethics Committee Research UZ/KU Leuven 

(reference numbers ML7918 and S53791); healthy Caucasian volunteers were enrolled in the study after 

giving written informed consent.  Briefly, intestinal fluids were collected from the duodenum (near the 

ligament of Treitz) from 20 healthy volunteers every ten minutes for a period of 90 min in both fasted and 

fed state. After an overnight fast of at least 12 h (no food and only water), volunteers were given 250 mL 

of water before initiating the sampling of fasted state intestinal fluids. Following fasted state sampling, 400 

mL of Ensure® Plus (Abbott Nutrition, Zwolle, the Netherlands) was ingested to simulate a standard meal. 

Fed state sampling was initiated after drinking 250 mL water, 20 min after the intake of the liquid meal. 

For each volunteer, the collected fractions were pooled to obtain a fasted and fed state individual volunteer 

pool. For the present study, a mixed pool of FaHIF was created by gently mixing samples from 16 individual 

volunteer pools. Afterwards, these samples were kept frozen at -80°C until use. The pH of the FaHIF pool 

used in this study was measured using a Mettler Toledo FiveEasy™ FE20 benchtop pH-meter 

(Schwerzenbach, Switzerland), and was found to be 7.3. 

Crystalline solubility measurements 

The equilibrium solubilities of atazanavir and posaconazole were determined in all six media. An excess 

amount of crystalline solid was first equilibrated in each medium (1 mL) for 48 hours at 37°C. Afterwards, 

the solubilized drug was separated by ultracentrifugation at 50,000 rpm (135,700 g) for 30 minutes, while 
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maintained at 37°C, using an Optima MAX-XP ultracentrifuge equipped with a Swinging-Bucket Rotor 

TLA-110 (Beckman Coulter, Inc., Brea, CA). For atazanavir, the supernatant concentration was determined 

by high performance liquid chromatography (HPLC) with a Hewlett Packard 1100 series system, using an 

Agilent Eclipse Plus C18 column (4.6 mm × 250 mm, 5 μm) (Agilent Technologies, Santa Clara, CA). The 

mobile phase consisted of 60% water acidified to pH 2.5 with o-phosphoric acid, and 40% acetonitrile. An 

injection volume of 20 μL was used. The flow rate was set to 0.8 mL/min where each analytical run was 

adjusted to 15 min. Atazanavir was detected by ultraviolet (UV) absorbance at a wavelength of 247 nm. 

Standards (0.1-10 μg/mL) were prepared in methanol, where the standard curve exhibited good linearity 

(R2 = 0.999) over this concentration range. For posaconazole, an Agilent 1260 Infinity II HPLC system 

coupled with an Agilent Eclipse Plus C18 column (4.6 mm × 250 mm, 5 μm) was used to analyze the 

concentration in the supernatant. The mobile phase was 60% acetonitrile and 40 % deionized water. The 

analytical run duration was 6 min, where the injection volume was 20 μL and the mobile phase flow was 

held constant at 2.0 mL/min. Posaconazole was detected by fluorescence emission where the excitation 

wavelength was at 240 nm and the emission wavelength was at 385 nm. Using posaconazole standards 

prepared in methanol, two calibration curves (0.01-0.1 μg/mL, R2 = 0.997 and 0.1-20 μg/mL, R2 = 1) were 

used to calculate the crystalline solubility in different media. 

Amorphous solubility measurements 

To measure the amorphous solubility, aliquots from an atazanavir DMSO stock solution (50 mg/mL) and a 

posaconazole methanol stock solution (10 mg/mL) were added to 1 mL of each medium, while stirred at 

300 rpm and maintained at 37°C, to generate supersaturated solutions of both compounds where the total 

concentration exceeds the ‘expected’ amorphous solubilities, based on previous findings.36,41 To prevent 

crystallization, pre-dissolved HPMC-AS was added at a concentration of 10 μg/mL for atazanavir samples, 

and 100 μg/mL for posaconazole samples. Samples were then ultra-centrifuged using the same conditions 

used for the crystalline solubility measurements to pellet the drug-rich phase. The supernatant was separated 

from the precipitated drug-rich phase, diluted in methanol, and analyzed using the HPLC methodologies 

described above. 

Confirmation of amorphous solubility and formation of LLPS nanodroplets by fluorescence 

spectroscopy and scanning electron microscopy (SEM) 

To confirm the formation of colloidal aggregates which occurs when the amorphous solubility is exceeded, 

fluorescence spectroscopy was used to monitor the corresponding changes in the emission spectra of 

atazanavir and posaconazole. Both compounds are auto-fluorescent, and the emission spectrum varies 

depending on the hydrophobicity of the local environment, for example, whether the drug is molecularly 
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dissolved or present in colloidal aggregates, as demonstrated previously.42–44 Fluorescence spectra were 

collected for both drugs at different concentrations, below and above the amorphous solubility, in the 

presence of HPMC-AS to prevent crystallization. Solutions were prepared via the solvent shift method as 

described before and maintained at 37°C while stirring at 300 rpm. Samples were analyzed using a 

Shimadzu RF- 5301pc Spectrofluorometer (Kyoto, Japan). The excitation wavelength used was 250 nm for 

atazanavir and 240 nm for posaconazole. The emission spectrum was collected at 0.2 nm intervals from 

220 to 450 nm. The excitation and emission slits width were kept at 5 or 10 mm depending on the medium 

and the intensity of the resulting emission spectra. Additionally, to further characterize the colloidal species 

formed in human fluids at concentrations above the amorphous solubility, SEM was utilized. This technique 

has been previously used to demonstrate the formation of the amorphous nanodroplets of cyanophenyl 

furanone dye in water13 and ritonavir in pH 6.8 phosphate buffer.45 Briefly, highly supersaturated solutions 

of atazanavir and posaconazole above the measured amorphous solubility were prepared in FaHIF. 100 

μg/mL of HPMC-AS were added to the posaconazole sample to avoid crystallization. Samples were then 

centrifuged at 14,800 rpm for 10 min, using a Sorvall Legend Micro 17 Centrifuge (Thermo Fisher 

Scientific, Waltham, MA). The supernatants were then discarded, and a small amount of the amorphous 

pellet was fixed on an SEM stub and sputter-coated with platinum for 60 s. Imaging was performed with a 

FEI Teneo VSTM scanning electron microscope (FEI Company, Hillsboro, Oregon) in OptiPlan mode with 

T1 and T2 detectors to capture backscatter and secondary electron images. Operating conditions were 5 kV 

accelerating voltage, 0.20 nA current, and ∼2 mm working distance. 

Diffusion cell experiments 

A side-by-side diffusion cell (PermeGear Inc., Hellertown, PA) of 1.5 mL volume (each compartment) and 

9 mm orifice diameter was used to determine the flux, J, at both the amorphous solubility (Jamph) and the 

crystalline solubility (Jeq) for each drug and medium. The donor and receiver compartments were separated 

by a regenerated cellulose membrane with a MWCO of 6-8KDa. Each compartment had 1 mL of media, 

was stirred using a magnetic stirrer (2×7 mm) at ~600 rpm to minimize the thickness of the unstirred water 

layer,17 and was maintained at 37°C. Using an atazanavir DMSO stock solution (50 mg/mL) and a 

posaconazole methanol stock solution (10 mg/mL), a concentration of each drug corresponding to the 

amorphous solubility for each medium, was added to the donor compartment to determine Jamph. To prevent 

crystallization, pre-dissolved HPMC-AS was added to both the donor and receiver compartments at 

concentrations of 10 µg/mL and 100 µg/mL for atazanavir and posaconazole experiments, respectively. 

Control experiments were performed with atazanavir in the absence of HPMC-AS in buffer-V1, 

demonstrating that the polymer had no effect on the mass flow rate. For determining Jeq, a suspension of 

crystalline drug, equilibrated for 48 h in each medium was added to the donor compartment. A 15 µL aliquot 
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was withdrawn from the receiver compartment at different timepoints, diluted in methanol, and analyzed 

by HPLC using the methods described above.  

Results 

Crystalline solubility measurements 

The measured crystalline solubility values of atazanavir and posaconazole at 37°C in the six media are 

summarized in Table 2. Atazanavir crystalline solubilities were slightly higher in FaSSIF-V1, FaSSIF-V2, 

Composite-FaSSIF and FaHIF relative to in the two blank buffers. For posaconazole, the differences in the 

crystalline solubilities between both buffers and the other biorelevant media were more pronounced (7-14 

fold) relative to atazanavir. This suggests that posaconazole was more effectively solubilized by the 

presence of mixed micelles in the media. Additionally, for posaconazole, the amount of lecithin influences 

the solubility, which was highest in FaSSIF-V1. Posaconazole solubilities in FaSSIF-V1, FaSSIF-V2 and 

FaHIF were in good agreement with values reported previously.41,46,47  

Table 2. Crystalline solubility values of atazanavir and posaconazole in different media. (n=3, ± standard 

deviation). 

Medium Equilibrium solubility (µg/mL) 

 Atazanavir Posaconazole 

Buffer-V1 1.4 ± 0.2 0.23 ± 0.03 

Buffer-V2 1.5 ± 0.3 0.22 ± 0.02 

FaSSIF-V1 2.7 ± 0.1 3.2 ± 0.3 

FaSSIF-V2 2.6 ± 0.4 1.6 ± 0.1 

Composite-FaSSIF 3.1 ± 0.6 1.7 ± 0.2 

FaHIF 7.1 ± 0.6 2.6 ± 0.5 

 

Amorphous solubility measurements 

Table 3 summarizes the measured amorphous solubilities of atazanavir and posaconazole in the six media 

at 37°C as determined by the ultracentrifugation method. As expected, the amorphous solubility was not 

notably different between buffer-V1 and buffer-V2 for either drug. In the presence of solubilizing species, 

atazanavir amorphous solubility increased by a factor of ≈1.25. FaSSIF-V1, FaSSIF-V2, composite-FaSSIF 

and FaHIF yielded similar amorphous solubility values for atazanavir, suggesting the different 

configurations of bile salts/lecithin in these media had minimal effect on the solubilization of atazanavir in 

a supersaturated solution. This was not the case for posaconazole. Following the same trend as for the 

crystalline solubility, posaconazole amorphous solubility was highest in the medium with the greatest 

lecithin content (FaSSIF-V1). In FaSSIF-V2, the amorphous solubility value obtained was equivalent to 
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our previous finding.41 Finally, the amorphous solubility appeared to be lower in composite-FaSSIF and 

FaHIF, compared to FaSSIF-V1 and FaSSIF-V2. Such differences between FaSSIF-V1/V2 and composite-

FaSSIF have been observed previously for ritonavir, tacrolimus and cilnidipine.36 

Table 3. Amorphous solubility values in atazanavir and posaconazole in different media. (n=3, ± standard 

deviation). 

Medium Amorphous solubility (µg/mL) 

 Atazanavir Posaconazole 

Buffer-V1 79 ± 4 8.1 ± 0.2 

Buffer-V2 82 ± 1 8.2 ± 0.3 

FaSSIF-V1 102 ± 3 43.3 ± 2.3 

FaSSIF-V2 101 ± 10 20.8 ± 1.6 

Composite-FaSSIF 100 ± 3 15.5 ± 0.7 

FaHIF 99 ± 2 13.2 ± 0.4 

 

Figure 2 shows the fluorescence emission spectra as a function of atazanavir/posaconazole concentration 

in the different media. When the amorphous drug-rich phase was formed at concentrations above the 

amorphous solubility, an increase in the peak intensity was observed. The concentration where the increase 

in intensity occurred showed good correspondence to the amorphous solubility values measured by the 

ultra-centrifugation method (Table 3). Additionally, some samples exhibited a shift in the peak maximum 

to shorter wavelengths (blue shift). This is attributed to the decrease in local polarity experienced by the 

drug molecules when colloidal species form. As a result, the quantum yield increases and the emission 

maximum shifts to shorter wavelengths (hypsochromic shift). 

The size and morphology of the atazanavir and posaconazole colloidal species formed in FaHIF is 

illustrated by the SEM images shown in Figure 3. Amorphous aggregates for both drugs were mostly 

spherical and clearly different from crystalline material, such as atazanavir crystals which are needle-

shaped.48,49  
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Figure 2. Fluorescence emission spectra of atazanavir (left side) and posaconazole (right side) at different 

concentrations in (A), (D) FaSSIF-V1, (B), (E) composite-FaSSIF, and (C) and (F) FaHIF. The arrows and vertical 

dashed lines illustrate a blue shift in the peak maximum for some samples. The inset illustrates the increase in 

intensity as a function of concentration where the change of slope corresponds to the formation of the second phase 

of amorphous nanodroplets. 
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Figure 3. SEM images of A) atazanavir and B) posaconazole amorphous nanodroplets precipitated from FaHIF. 

Posaconazole nanodroplets were stabilized by HPMC-AS to prevent crystallization. 

Supersaturation determination by diffusive flux measurements 

The supersaturation ratio (SR) was determined using the ratio of the thermodynamic activity of the solute 

in the solution, a, to the activity of the solute at its crystalline state, aeq, as shown in Equation 2. The activity 
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can be described in terms of γ, the activity coefficient of the drug in the solution and C, the drug 

concentration, where the subscript, eq, refers to the property at equilibrium. 

𝑆𝑅 =
𝑎

𝑎𝑒𝑞
=

𝛾 𝐶

𝛾𝑒𝑞 𝐶𝑒𝑞
   (2) 

Solute activity at the crystalline and amorphous solubilities can be assessed using diffusion cell experiments 

to determine the diffusive flux, J, across a semipermeable membrane, as shown in Equation 3: 

𝐽 =
𝐷 𝑎

ℎ γ𝑚
  (3)              

where D is the diffusion coefficient of the solute, h is the thickness of the membrane and γm is the activity 

coefficient of the solute in the membrane, which are all assumed to be constants for a particular drug and 

medium. Consequently, the maximum attainable supersaturation, SRmax, in a given medium can be derived 

from the ratio of the diffusive flux of the solute at the amorphous solubility, Jamph, to the diffusive flux at 

the crystalline solubility, Jeq, as demonstrated in Equation 4: 

𝑆𝑅𝑚𝑎𝑥 =
𝐽𝑎𝑚𝑝ℎ

𝐽𝑒𝑞
  (4) 

In deriving Equation 4, we assume that the thermodynamic activity of the solute is the same as the 

thermodynamic activity of the second phase present in the system; this is either crystalline or amorphous 

drug. To achieve a well-defined activity, we therefore measure the flux of systems containing a suspension 

of either crystalline or amorphous drug. The impact of different media on mass transport and maximum 

supersaturation level was studied using diffusion cell experiments performed at both the amorphous and 

crystalline solubilities at 37°C. The mass transport time-profiles and J (derived from the slope of the 

concentration versus time profiles) values for atazanavir and posaconazole in buffer-V1, composite-FaSSIF 

and FaHIF are shown in Figures 4 and 5, respectively. For both compounds, Jamph and Jeq were relatively 

close between the different media. All normalized flux values for atazanavir and posaconazole are shown 

in Table S1 (supporting information). Additionally, the apparent permeability values were calculated 

accordingly and are shown in Tables S2 and S3. 
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Figure 4. Atazanavir mass transport versus time at the amorphous solubility (upper x-axis) and at the crystalline 

solubility (lower x-axis), in different media. Error bars were omitted for clarity. (n=3). 

 

Figure 5. Posaconazole mass transport versus time at the amorphous solubility (upper x-axis) and at the crystalline 

solubility (lower x-axis), in different media. Error bars were omitted for clarity. (n=3). 

Figures 6 and 7 show the SRmax determined in different media for atazanavir and posaconazole, 

respectively, based on Equations 1 (concentration-based) and 4 (activity-based). For both compounds, 

large differences between the concentration- and activity-based SRmax are apparent for some media. The 

concentration-based SRmax is the ratio of the amorphous and crystalline solubilities for the various media, 

(i.e. the ratio of the values presented in Tables 2 and 3), while the activity-based values are calculated from 

the ratio of the flux measured for a crystalline and amorphous suspension in the different media (i.e. the 

ratio of the values presented in Figures 4 and 5). While SRmax was relatively consistent between the two 

approaches for the aqueous buffers, the concentration-based SRmax values decreased in all other biorelevant 

media and was lowest in aspirated FaHIF. Thus, if the concentration-based SRmax is considered, the 

maximum achievable supersaturation appears to decrease in FaHIF.  In contrast, the activity-based SRmax 

ratios were approximately the same across the various media types. For atazanavir, the activity-based SRmax 

averaged ~54 between the different media, where no values were significantly different from the value 
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measured for FaSSIF-V1 (based on two-tailed t-test, p > 0.05). Therefore, all media achieved an equivalent 

maximum supersaturation for atazanavir. Indulkar et al. previously reported an average activity-based 

supersaturation of 65.36 The activity-based SRmax was found to be ~36 for posaconazole. Although the values 

were generally similar for different media, a slight decrease was noticed for the activity-based SRmax for 

posaconazole in both composite-FaSSIF and FaHIF (based on two tailed t-test, p < 0.05).  

 

Figure 6. Maximum supersaturation ratio for atazanavir in different media obtained using activity-based ratio (blue 

bars) versus concentration-based ratio (red bars). The n.s. indicates when the difference between FaSSIF-V1 and 

other datasets was nonsignificant (t-test, p value > 0.05). Error bars represent standard deviations where n=3. 

 

Figure 7. Maximum supersaturation ration for posaconazole in different media obtained using activity-based ratio 

(blue bars) versus concentration-based ratio (red bars). The n.s. indicates when the difference between FaSSIF-V1 

and other datasets was non-significant (t-test, p value > 0.05), whereas the * and ** symbols indicate that the 

difference was statistically significant (t-test, p value = 0.002 and 5.3×10-7, respectively). Error bars represent 

standard deviations where n=3. 

Discussion 
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Supersaturation is considered an important factor impacting the extent of oral absorption of drugs with 

solubility-limited absorption.4,50 Supersaturation can be generated via a variety of routes, including pH 

increase following gastrointestinal transit, which is of relevance for weakly-basic drugs, and by release of 

drugs formulated as amorphous solid dispersions. Understanding the extent and duration of 

supersaturation of a particular drug is critical to predict its absorption rate in vivo. This statement is based 

on the well-known relationship, derived from Fick’s first law, shown in Equation 5: 

𝐽 = 𝑃 𝐶  (5)              

where J is the flux across a biological membrane, P is the membrane permeability and C is drug 

concentration. This relationship implies that an increase in drug concentration beyond the crystalline 

solubility will lead to an increase in the transport rate across a membrane, and, in the absence of 

confounding factors such as efflux and first pass metabolism, will increase the absorption rate. Several 

studies have shown a linear relationship between the membrane flux and supersaturation in simple 

media,6,10,51 which is truncated when the amorphous solubility is reached. Thus, as the concentration of the 

drug is increased (supersaturation is increased), the thermodynamic activity of the drug increases until it 

reaches its maximum at the amorphous solubility and phase separation to an amorphous phase occurs.10 

This leads to the formation of a drug-rich colloidal phase in metastable equilibrium with a supersaturated 

solution. In the present study, the formation of such colloidal species in FaHIF, upon exceeding the 

amorphous solubility, is clearly demonstrated for the first time (Figure 3). Given that these colloidal species 

are thought to be advantageous for passive diffusion in vivo by maintaining the supersaturation at the 

maximum value through their reservoir effect,52 this is a significant finding.   

In contrast to the relationships established in simple media, the results shown in Figures 6 and 7 clearly 

suggest that using concentration ratios to determine supersaturation for the lipophilic, un-ionized 

compounds studied, is inaccurate in complex media given the absence of a linear relationship between 

solute concentration and membrane flux. These observations are of profound importance since 

concentration profiles are so routinely used to make predictions about in vivo formulation performance. 

Therefore, it is important to understand where the limitations arise with respect to the use of concentration-

based measurements in complex media. 

To explain the observed differences between total dissolved concentration- and activity-based 

measurements (Figures 6 and 7), it is important to first differentiate solubilization from supersaturation, 

and then to consider the interplay between the two for different media. Both phenomena result in an increase 

in the ‘apparent’ concentration of the drug in solution, yet have different thermodynamic consequences in 

terms of membrane mass transport rate. Supersaturation results in an increase in the ‘free’ drug 
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concentration in solution relative to a saturated/equilibrium state. Consequently, solute thermodynamic 

activity (i.e. the effective concentration) is higher (Equation 2), thus the membrane transport is increased 

(Equation 3).  Solubilization occurs through the presence of solubilizing agents that are either present 

naturally such as the biological surfactants (bile salts) or introduced as formulation excipients such as 

synthetically derived surfactants or complexing agents.53 In intestinal fluids (simulated and real), micelles 

and other colloidal species, formed by bile salts and lecithin, provide a microphase with which drug 

molecules can associate by binding with surfactant or by incorporation into the micellar core. These 

additional solution species lead to a dynamic equilibrium between at least two populations of drug 

molecules, those associated with the micelles, and free drug molecules in solution. Thus, increases in 

equilibrium solubility are observed (as seen in Table 2), whereby the solute activity remains constant since 

it is dictated by the crystalline form of the drug in equilibrium with the solution phase. Thus, solubilization 

of this system does not increase the ‘free’ drug concentration (i.e. solute thermodynamic activity) in 

solution, although the total concentration measured is increased.  As described in the literature, membrane 

transport rates do not correlate with total dissolved concentration in the presence of solubilizing 

species.35,54–57 This is because for small molecules, only the ‘free’ unionized drug will undergo membrane 

partitioning and transport.58 We see the same outcome in the current study, where the flux values at the 

crystalline solubility do not show any correlations with  increases in the equilibrium solubility due to 

solubilization (Figures 4 and 5). 

The complexity of the situation increases considerably when both supersaturation and solubilization occur. 

To assess the supersaturation ratio in the presence of solubilizing components, Equation 1 is typically 

employed.4,40,59–61 Here, the crystalline solubility is measured in the medium of interest for the 

supersaturation determination to take into account the solubilization effect. For example, crystalline 

solubility has been determined in partially digested lipid media,59,62–64 or intestinal fluids collected at 

different time points following oral dosing.40,65–68 The assumption implicit in this approach is that the 

fraction of the drug that is solubilized at the crystalline solubility is the same as the fraction of the drug that 

is solubilized in the supersaturated solution. Thus, the solubilization effect is cancelled by taking the ratio 

of the two values. This can be seen mathematically from Equation 2. If the ratio γ/γeq (Equation 2) is 1, a 

situation that would arise when the extent of solubilization is the same over the concentration range of 

interest and there are no other non-idealities, then Equation 1 reasonably describes the true supersaturation. 

However, if the solubilization capacity varies as a function of concentration and supersaturation, then γ/γeq 

≠ 1, and Equation 1 will not accurately describe the supersaturation of the system.43 This appears to be the 

situation in the biorelevant media tested herein and warrants consideration of the solubilization capacity of 

the various media at different supersaturations. 
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Interestingly, our in vitro studies appear to be in good agreement with observations made following oral 

dosing of posaconazole and subsequent investigations of supersaturation evolution. Posaconazole is a 

highly permeable compound with solubility-limited absorption.69 Hens et al. conducted a study to 

investigate posaconazole supersaturation in vivo in the small intestine upon administration of an 

acidified/neutral posaconazole suspension,40 or a posaconazole solid dispersion.67 Here, samples were 

collected from the intestine and the supersaturation was determined by measuring the posaconazole solution 

concentration, and the crystalline solubility in the individual fluid samples, i.e. a concentration-based 

supersaturation measurement as per Equation 1. In the first study with suspensions, the mean maximum 

supersaturation ratio observed was ≈ 4, whereas the results of the second study with amorphous solid 

dispersions showed a mean maximum supersaturation of ≈ 7 upon fasted-state administration. Remarkably, 

these values are in close agreement with our FaHIF concentration-based supersaturation assessment at the 

amorphous solubility limit, which is ≈ 5 (Figure 6).  Notably, our study shows that the solution in FaHIF 

at the amorphous solubility displays a 30-fold increase in mass transport rate relative to a crystalline 

suspension, indicating that the amorphous solubility advantage is not lost in FaHIF, despite the apparent 

reduction in the concentration-based supersaturation ratio. This once again illustrates the necessity of using 

activity-based assessments to avoid underestimation of supersaturation and suggests that the solutions 

generated in vivo in the previous studies were likely much more highly supersaturated than they appeared 

based on the concentration-based measurement approach employed. 

A simple model for describing solubilization capacity of a given surfactant for a particular drug is to 

apply the concept of a micellar partition coefficient (Km/w), which is given by Equation 6:53  

𝐾𝑚/𝑤 =
𝐶𝑚

𝐶𝑤
  (6) 

Where Cm is the surfactant-associated drug concentration, and Cw is the free drug concentration. While this 

model is likely oversimplified for a complex system of bile acids and lecithin, it serves to illustrate how the 

extent of solubilization may vary as a function of concentration and supersaturation. In biorelevant media, 

solubilizing components interact with the solute of interest, whereby the interactions vary depending on the 

level of supersaturation. Specifically, mixed bile salt-lecithin micelles exist in the test fluids and these can 

solubilize drugs.28,29 We can estimate the micelle partition coefficient at the amorphous and crystalline 

solubilities using Equation 6. Here, the denominator is taken as the solubility in buffer, where only free 

drug is present. Assuming that the solubilizing components do not mix with either the crystalline or 

amorphous phase, then the free drug concentration is the same in the complex media as for buffer (since it 

is determined by the thermodynamic properties of the second phase present, i.e. either crystalline or water-

saturated amorphous drug). The excess concentration of drug relative to buffer is therefore associated with 
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the solubilizing species, enabling determination of Km/w. Km/w values for both compounds in FaSSIF-V1, 

composite-FaSSIF and FaHIF, are shown in Table 4. Evaluating the Km/w values for the crystalline 

solubilities, we note that posaconazole has a higher value than atazanavir indicating that this compound is 

more effectively solubilized by the micelles. Of particular interest, we note that Km/w is much lower at the 

amorphous solubility than at the crystalline solubility for both compounds. This observation is in agreement 

with the result reported by Indulkar et al. for atazanavir and sodium dodecyl sulfate systems,43 where Km/w 

was observed to be highly concentration dependent. Of further note, is the observation that Km/w varies as a 

function of medium, reflecting a difference in their solubilization capacity. Of final note, Km/w is dependent 

on the drug, i.e. posaconzole had higher solubilization capacities than atazanavir, which explains why the 

discrepancies in supersaturation ratios were more prominent for posaconazole (Figure 7) compared to 

atazanavir (Figure 6). 

Table 4. Estimation of Km/w values for atazanavir and posaconazole at the crystalline and amorphous 

solubilities in FaSSIF-V1, composite-FaSSIF and FaHIF media. 

Medium Km/w at crystalline solubility Km/w at amorphous solubility 

 Atazanavir Posaconazole Atazanavir Posaconazole 

FaSSIF-V1 1.9 13.9 1.3 5.3 

Composite-FaSSIF 2.2 7.4 1.3 1.9 

FaHIF 5.1 11.3 1.3 1.6 

 

In examining the data shown in Table 2 and 3, it is clear that the crystalline solubility showed a 

proportionally greater increase in the presence of bile salts and lecithin in comparison to the amorphous 

solubility, for both compounds. For instance, the crystalline solubility for posaconazole in FaSSIF-V1 is ≈ 

14 times that in buffer-V1, while the amorphous solubility in FaSSIF-V1 is ≈ 5 times that in buffer-V1. 

Moreover, posaconazole exhibited a notably lower amorphous solubility in composite-FaSSIF and FaHIF 

compared to commercial FaSSIF media. This can be attributed in large part to the change in Km/w between 

these media (Table 4) given that these solutions show similar membrane flux values. In other words, the 

free drug concentration, and thus the supersaturation, remains similar between the different media, as 

evidenced by the similar membrane transport rates (Figure 7). Thus, the concentration-based 

supersaturation ratio drastically underpredicts the posaconazole membrane flux for micelle-containing 

media.  

Figure 8 displays a schematic illustration of posaconazole micellar solubilization in FaSSIF-V1, 

composite-FaSSIF and FaHIF, in solutions saturated with respect to the crystalline or amorphous forms. 

This schematic illustrates the concept that the free drug concentration remains constant for these conditions. 

On the other hand, the amount of drug associated with the micelle varies depending on the composition of 
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the solubilizing species, which can be attributed to micelles with different properties. We can anticipate 

that for a given medium, the constituent micelles have a finite capacity to solubilize the drug molecules. 

Therefore, the decrease in Km/w at the amorphous solubility relative to the crystalline solubility, reflects the 

reduced ability of the micelles to accommodate the increased number of molecules in solution. This clearly 

varies between the different media; there is a notable increase in posaconazole amorphous solubility when 

more lecithin was present in the medium i.e. FaSSIF-V1. This indicates that this system can solubilize a 

relatively higher proportion of posaconazole molecules in the micelles, leading to a higher Km/w value 

relative to the other media. Lecithin is a mixture of poorly-soluble phospholipids that can interact with bile 

salts forming mixed micelles.29,70 These mixed micelles with greater lecithin content clearly improve 

posaconazole solubilization in supersaturated solutions. The same was not true for atazanavir. Atazanavir 

amorphous solubility values were largely unaffected in different media. While atazanavir and posaconazole 

have similar Log P values, their chemical structures are quite different. Hammad and Muller explored the 

differences in solubility of various drugs in bile salt phosphatidylcholine-based mixed micelles.71 Their 

results showed that the extent of solubilization was governed by several factors including the size of the 

mixed micelles, as well as the drug molecular size, chain branching, polarizability and structural 

conformations.71 Therefore, the difference in the extent of solubilization for posaconazole and atazanavir 

likely arises from structural differences between these two compounds. For the different media, we note 

that Km/w undergoes the largest decrease between the crystalline and amorphous solubilities for FaHIF. This 

means that using the concentration-based supersaturation ratio can be expected to lead to the largest 

discrepancies in the prediction of the membrane mass transport rates when attempting to evaluate 

supersaturation in this medium. 
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Figure 8. Schematic illustration of posaconazole micellar partitioning at saturation (crystalline solubility or SR=1) 

and maximum supersaturation (amorphous solubility or SRmax) levels. The numbers provide the ratio of the drug 

molecules in the micelle (blue box) to the free drug in solution (green box). For SRmax (lower panel), the count of ‘P’ 

molecules is scaled down for clarity. 

Based on our observations, it is clearly important to carefully reconsider the appropriateness of 

concentration-based ratios for evaluation of the supersaturation level. It is undoubtedly more accurate to 

use the thermodynamic activity-based ratio in complex media with bile salts, albeit more complex from an 

experimental perspective.72 In the absence of micelles, e.g. in a simple aqueous buffer, there is no 

solubilization effect and therefore the drug concentration in solution reasonably represents the free drug 

concentration, leading to a good agreement between the activity-based ratio and the concentration-based 

ratio in the buffer systems, as seen for both compounds (Figures 4 and 5). In this instance, the activity 

coefficient ratio (γ/γeq) of the drug in solution is close to 1 (Equation 2), due to the very dilute nature of the 

system whereby solution non-idealities are minimized. The differences in the degree of discrepancy for 

concentration vs. activity-based measurements for the two compounds as a function of media type correlates 

with the difference in the solubilization capacity for each drug. The activity-based SRmax values on the other 

hand were fairly consistent for atazanavir and posaconazole in all media. This was expected since the 

supersaturation level is largely independent of the medium used as the thermodynamic activity-based 

boundaries remain unchanged. It should be noted that for posaconazole, there was statistically significant 

decrease in activity-based SRmax in composite-FaSSIF and FaHIF. The slight reduction in flux at the 

amorphous solubility for FaHIF and composite-FaSSIF (Figure 7) for posaconazole could be due to mixing 

of specific bile salts with the amorphous posaconazole phase, which can reduce the free drug concentration 
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in equilibrium with the drug-rich phase.32 This was observed previously for telaprevir in the presence of 

STCDC and SGCDC dihydroxy bile salts, where the thermodynamic SRmax decreased to about three-fourths 

of the value in the absence of these bile salts.32 Both composite-FaSSIF and FaHIF contain STCDC and 

SGCDC, and the slight decrease in Jamph values in these media could arise via a similar mechanism as 

reported for telaprevir. Our observations have important implications regarding the interplay between 

solubilization and supersaturation as a function of concentration. The most important of these is that 

Equation 1 cannot be used to estimate supersaturation in complex biorelevant media or aspirated human 

fluids, in particular for compounds showing solubilization. Using Equation 1, supersaturation would be 

underestimated, as seen in Figures 6 and 7, and the amorphous solubility advantage would seem to decrease 

in vivo.  

Composite-FaSSIF, containing six bile salts, more closely mimics the human bile composition relative to 

commercial FaSSIF recipes, which contains only STC. Simulating the FaHIF composition may be 

especially important in the context of intraluminal dissolution, supersaturation and absorption kinetics of 

supersaturating formulations. Nevertheless, a high degree of inter- and intra-subject variability is reported 

in the literature for FaHIF in terms of both composition and the absolute concentrations of the constituent 

components.20 Additionally, other components are usually present in FaHIF at low concentration which are 

not present in composite-FaSSIF. These include cholesterol20,73,74 as well as lipid degradation products,20,75 

such as fatty acids and monoacylglycerides. Although composite-FaSSIF comes closer to simulating FaHIF 

in terms of solubilization and supersaturation behavior relative to the commercially available media, more 

work needs to be done in order to optimize simulated fluids for in vitro testing of supersaturating 

formulations.  

Conclusion 

To improve the biopredictability of supersaturating formulations, it is important to understand the impact 

of different media composition on solubility and solution thermodynamics. Herein, we demonstrated that 

crystalline and amorphous solubility values were greatly influenced by the solubilization capacity of each 

medium for two un-ionized, lipophilic weakly basic compounds. This resulted in different micellar 

partitioning between the solubilized and solution phases among the different media and reduced apparent 

supersaturation ratios based on concentration measurements. However, since the effective drug 

concentration is approximately the same in all media, as shown by the flux measurements, the activity-

based supersaturation was relatively independent of the media. These results provide the framework for 

further studies into the impact of different media on the phase behavior of supersaturated solutions. 
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