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Abstract 

Poor water solubility is a bottle neck in the development of many new drug candidates. 

Understanding the causes and how to circumvent the limitations of low solubility early in the 

drug development process is essential to the more effective development of such drugs to 

medicines. Zafirlukast (ZA) is a leukotriene antagonist marketed for the treatment of asthma 

(Accolate®).  ZA is poorly water soluble, and is formulated in an amorphous form (aZA) to 

improve its solubility and oral bioavailability. It has been shown that upon dissolution of aZa, 

that the concentration of ZA in solution is supersaturated   with respect to its stable 

crystalline form in water (ZA monohydrate), and thus in theory the bioavailability of the 

amorphous form should be increased compared to a crystalline form. Polymers can stabilize a 



supersaturated state, and are therefore often used as excipients in supersaturating drug 

delivery systems. The polymers hydroxypropylmethylcellulose (HPMC) and 

polyvinylpyrollidone (PVP) are in the excipient list of Accolate®. Accolate® is recommended 

not to be taken with food, as this reduces the bioavailability by 40%. The aim of this study was 

to investigate the effect of simulated fasted and fed state intestinal media as well as the 

addition of HPMC and PVP to these media on the supersaturation and precipitation of ZA in 

vitro. This was done to investigate if the described in vivo behavior of Accolate® (negative food 

effect) can be predicted in vitro. Supersaturation of aZA was studied in vitro in a small scale 

setup using the µDiss ProfilerTM. One medium simulating the fasted state intestinal fluids and 

three media simulating different fed state intestinal fluids were used for the studies. Solid 

state changes of the drug were investigated by small angle x-ray scattering. The time aZA was 

dissolved in a supersaturated state could be prolonged in a fasted state intestinal medium, in 

the presence of HPMC and lasted more than 20 hours in the presence of PVP. In presence of 

PVP, an increased concentration of drug was dissolved in the supersaturated state. The 

duration of supersaturation was shorter in a fed than in a fasted state simulated intestinal 

media. Lipolysis products in the fed state simulated media seemed to cause this negative 

effect on the duration of supersaturation. The effectiveness of PVP as stabilizer of the 

supersaturated state was also reduced in a fed state intestinal medium in vitro compared to 

the fasted state. Solid state transformation from aZA to ZA monohydrate upon precipitation of 

the supersaturated solutions was confirmed by SAXS. All of these results can explain the 

described in vivo behavior of ZA. The study indicates that simple dissolution experiments in 

vitro can be used to examine supersaturation, effectiveness of PI and potential food effects on 

these. 
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1. Introduction 

Over the last decades the costs associated with the development of drug molecules to 

marketed medicines has increased significantly, whilst the number of new medicines being 

introduced to the marked has not increased accordingly (efpia, 2015; Smietana et al., 2015). 

Whilst there are a number of reasons to explain this trend, limitations to the development of 

new chemical entities to marketed medicines is the increasing number of poorly water soluble 

compounds in the pipelines of the pharmaceutical industry. Low aqueous solubility is a major 

development problem if a drug is to be formulated as an oral dosage form such as a tablet or a 

capsule asthe drug must be in solution in the gastrointestinal tract in order to be absorbed.  

Drugs with poor aqueous solubility are often referred to as either being “grease ball” or “brick 

dust” molecules. This refers to drugs being either very lipophilic (BSC Class II drugs), or 

poorly lipophilic as well as poorly water soluble (BCS Class IV drugs) usually as a consequence 

of strong intermolecular bonds in a crystalline state respectively(Stella and Nti-Addae, 2007).  

The solubility and/or the dissolution rate of these poorly soluble compounds can be improved 

using different formulation strategies (Buckley et al., 2013). For brick dust molecules this can 

for instance be done by disrupting the crystalline state yielding an amorphous form with no 

molecular long range positional or orientational order. The amorphous form of a drug is in a 



higher energetic state than its crystalline counterpart and thus has a solubility and dissolution 

rate advantage. In most cases, an amorphous form will therefore supersaturate upon 

dissolution with respect to the solubility of the crystalline form, i.e. to the amorphous form 

will have a higher apparent solubility than the thermodynamically stable crystalline form. If 

this happens in the gastrointestinal tract, the bioavailability of the drug is expected to also 

increase. The supersaturated state however, is not thermodynamically stable  and as the drug 

precipitates over time as a stable or metastable crystalline form, the concentration of the drug 

in solution decreases accordingly.  

Precipitation can be kinetically inhibited and thus the period of supersaturation prolonged by 

the addition of polymers, referred to as precipitation inhibitors (PI). 

Hydroxypropylmethylcellulose (HPMC) and polyvinylpyrollidone (PVP) are exxamples of 

commonly used PIs (Brouwers et al., 2009). The inhibition of precipitation by polymers can in 

general be ascribed to two mechanisms; hindering of nucleation and/or hindering of crystal 

growth. The mechanism of inhibition is however not defined by the polymer alone, but also 

the concentration of polymer, and the precipitating drug (Warren et al., 2010; Warren et al., 

2013), making the properties and effectiveness of precipitation inhibitors drug specific and 

difficult to predict. 

Zafirlukast (ZA) is a leukotriene antagonist marketed for the treatment of asthma, but has also 

recently been studied as mycobacterial growth inhibitor, and for treatment of decompression 

sickness (Little and Butler, 2008; Pinault et al., 2013). It is a poorly water soluble drug, that is 

also not particularly lipophilic, meaning that it would be classified as a BCS Class IV drug i.e. a 

‘brick dust’ molecule (Timko, 1999). ZA is formulated as a tablet in its neat amorphous form 

(aZA,), and marketed by AstraZeneca under the brand name Accolate®. HPMC and PVP are 



both listed as excipients in the Accolate® product, but it is not clear whether these polymers 

have been added deliberately for the purpose of precipitation inhibition. Zafirlukast has been 

shown to have a negative food effect, meaning that oral administration of Accolade® with food 

can reduce the bioavailability, in the case of Zafirlukast by 40%, compared with giving the 

drug to a fasted patient. Therefore Accolate® must be administered in a fasted state 

(AstraZeneca, 2013).  

Studying properties of drugs under in vitro conditions, resembling the in vivo situation is very 

useful during the pre-formulation stage of drug development. The dissolution profile and 

solubility of poorly water soluble drugs are thus widely studied in various simulated 

gastrointestinal media, mimicking both the fasted and fed state (Galia et al., 1998; Jantratid et 

al., 2008; Kleberg et al., 2010). The presence of bile salts and phospholipids, and the use of 

different pH conditions in the media can significantly affect drug solubility, when compared to 

solubility in conventional buffer solutions recommendedby the pharmacopoeias (Fagerberg et 

al., 2010; Galia et al., 1998). Especially at the early development stages usually the amount of 

drug material available is small, and thus various attempts have been made to miniaturize the 

traditional dissolution tests of the pharmacopoeias not only with respect to the media used, 

but also with respect to the volume of media in order to minimize the quantity of drug needed 

for the early stage the dissolution testing. In the pharmacopoeial tests 900 ml of media are 

typically used, whilst by comparison in a mini paddle apparatus (miniDiss) typically only 100 

ml of media are needed (Berthelsen et al., 2014). Even less material is required for testing in 

the  µDiss ProfilerTM where the amount of solvent required is reduced to about 10 ml (Avdeef 

and Tsinman, 2008; Tsinman et al., 2009).  



In this study dissolution, supersaturation and precipitation of amorphous ZA (aZA) was 

investigated in vitro in different simulated fed and fasted state intestinal media, using both the 

miniDiss apparatus and the µDiss ProfilerTM. The effect of addition of HPMC and PVP, present 

in the marketed formulation, on drug dissolution and the apparent drug solubility was also 

investigated. The overall aim was to determine whether the described in vivo behavior of ZA 

dosed in Accolate® (negative food effect) would be expected from the in vitro dissolution 

behavior. 

 

 

2. Materials and methods 

2.1 Materials 

Zafirlukast was donated by AstraZeneca (Södertälje, Sweden) and Rylo® MG 19 Pharma 

(monoolein) was kindly supplied by Danisco (Dupont, Brabrand, Denmark). Taurodeoxy 

cholate (analytical grade), oleic acid (technical grade), 2-(N-morpholino)ethanesulfonic (MES) 

monohydrate (analytical grade), and MES sodium salt (analytical grade) were purchased from 

Sigma-Aldrich Co. Ltd (Dorset, UK). Lipoid S PC (phospholipid) was purchased from Lipoid 

GmbH (Ludwigshafen, Germany). Kollidon® 90F (PVP) was purchased from BASF 

(Ludwigshafen, Germany) and Metolose 90SH-4000SR (HPMC) was purchased from ShinEtsu 

(Wiesbaden, Germany). All other materials were purchased commercially and were of 

analytical grade. Milli-Q water (SG Ultra Clear 2002, SG Wasseraufbereitung und 

Regenerierstation GmbH, Barsbüttel, Germany) was used for the preparation of all media. 

 

2.2 Methods 

2.2.1 Preparation of media 



The simulated fasted state intestinal medium used in this study  (FastedM) was composed 

based on a review by Bergström and coworkers (Bergström et al., 2014) (Table 1). As 

simplified fed state media, three variations of the fasted state intestinal medium FastedM 

were prepared: One medium contained a higher amount of bile salt and phospholipid 

(DoubleM), the second medium contained added lipolysis products (LypoM) and the third 

medium contained a combination of a higher level of bile salt and phospholipid with the 

addition of lipolysis products (FedM).  The composition of all media is shown in Table 1.  

 
Table 1:  
Composition of the simulated intestinal media used. 

 pH BS 
(mM) 

PL 
(mM) 

BS/PL Buf Cap 
(mM/pH) 

Osmol 
(mOsm) 

OA 
(mM) 

MO 
(mM) 

FastedM 6.6 2.63 0.23 11.67 5.53 238.50 - - 

FedM 6.6 5.26 0.46 11.67 5.53 238.50 10 5 

DoubleM 6.6 5.26 0.46 11.67 5.53 238.50 - - 

LypoM 6.6 2.63 0.23 11.67 5.53 238.50 10 5 

BS: Bile salt, PL: Phosopholipid, Buf Cap: Buffer capacity, Osmol: Osmolarity, OA: Oleic acid, MO: 
Monoolein. 

 

Taurodeoxycholate was used as bile salt, the phospholipid was derived from soybeans, MES 

was used as the buffer system, sodium chloride was used to adjust osmolarity and oleic acid 

and monoolein were used as lipolysis products. Whilst a few studies on the amount of and 

ratio between fatty acids (FA) and monoglycerides (MG) in the postprandial intestine are 

available (Kalantzi et al., 2006; Persson et al., 2005; Vertzoni et al., 2012), the actual FA and 

MG composition will also be very dependent on the administered meal. As a simple setup, a 

ratio of 2:1 between FA (oleic acid) and MG (monoolein) was used in this study making the 

FedM medium similar to the Copenhagen fed 1-B medium (Kleberg et al., 2010). Preliminary 



studies have shown that higher amounts of oleic acid and monoolein would render the 

medium too turbid to perform in vitro absorbance measurements with the µDiss ProfilerTM 

setup used.  

A 20 mM chloroform solution of phospholipid was prepared and the required amount was 

transferred to a blue cap flask. The chloroform was subsequently removed under a steady 

stream of nitrogen gas until a film was formed. Where media were prepared with lipolysis 

products (LypoM and FedM), solutions of 1 M oleic acid and 0.5 M monoolein in chloroform 

were added along with the phospholipid. Required amounts of taurodeoxycholate, MES 

monohydrate, the sodium salt of MES and sodium chloride were weighed and transferred to 

the blue cap flask and MilliQ water was added in the required amount and left to stir 

overnight. The following day the pH was adjusted to 6.6 with sodium hydroxide or 

hydrochloric acid. The volume was then adjusted and the medium was immediately used.  

Table 2 shows the required amounts of the components for the media.  

Table 2:  
Amounts of components used for preparation of 100 ml of the different media. 

    Added from chloroform solutions   .                  Added as powder                  . 

 20 mM PL 
1.0 M 
OA 0.5 M MO BS 

MES 
mh MES-Na NaCl 

FastedM 
1.15 ml - - 

137.2 
mg 69.3 mg 

249.8 
mg 641.4 mg 

FedM 
2.30 ml* 1 ml 1 ml 

274.4 
mg 69.3 mg 

249.8 
mg 545.0 mg 

DoubleM 
2.30 ml* - - 

274.4 
mg 69.3 mg 

249.8 
mg 633.0 mg 

LypoM 
1.15 ml 1 ml 1 ml 

137.2 
mg 69.3 mg 

249.8 
mg 561.1 mg 

PL: Phosopholipid, OA: Oleic acid, MO: Monoolein, BS: Bile salt, MES: 2-(N-morpholino)ethanesulfonic, 
mh: monohydrate. 



*A solution with a higher concentration of PL in chloroform was in some cases made when larger volumes 
of medium were prepared, to avoid larger volumes of chloroform having to be evaporated. 

 

2.2.2 Measurements with the µDiss ProfilerTM 

The level and duration of supersaturation of ZA was examined in vitro by powder-dissolution 

using in situ measurements of absorbance with an UV/Vis fiber optic probe in the various 

simulated intestinal media. The studies were performed with a µDiss profilerTM (Pion, 

Billerica, MA, USA).  For the setup, mirrors with a distance of 2 mm from the probe tip to the 

reflecting mirror were used, the stirrer was set to 100 rpm and all experiments were 

performed at 37±0.5˚C. The second derivative of the spectral absorption range between 290-

320 nm was used for all calculations. 

Standard curves were prepared by the addition of different amounts of a concentrated ZA in 

DMSO stock solution to the media also used in the subsequent experiments.  For the 

experiments with the PIs present (HPMC and PVP), media with pre-dissolved PI (0.3 mg/ml) 

were used when preparing the standard curves.  The standard curves had a range between 

4.00-90.0 µg/ml of ZA in FastedM when no polymer was present in the dissolution medium. 

The standard curves had a wider range, up to 4.00-275 µg/ml, when ZA was in different media 

than FastedM or if polymer was added. 

The media described above (FastedM, DoubleM, LypoM and FedM) were used to study the 

differences in dissolution and precipitation of ZA. The effectiveness of the PIs (HPMC and 

PVP) was also examined. The addition of PI was performed in two ways; PI was either mixed 

with ZA as powders prior to an experiment (1:1, w/w), or the PI was mixed with the medium 



(0,3 mg/ml) for at least 90 min prior to an experiment. The effectiveness of PVP was tested in 

both FastedM and LypoM, whereas HPMC was only tested in FastedM.  

The data was collected and analyzed using the software µDiss version 4.5.3.0 (Pion, Billerica, 

MA, USA) and the curves were illustrated in GraphPad Prism version 6.03 (GraphPad Software 

Inc., La Jolla, CA, USA). 

2.2.3 Measurements with mini paddle apparatus (miniDiss)  

A downscaled version of the USP 2 apparatus (Erweka DT 70, Heusenstamm, Germany) was 

used for classical powder dissolution tests to compare with the measurements performed in 

the µDiss ProfilerTM setup. This setup (termed miniDiss) has previously been shown by Klein 

and Shah to be comparable to the USP apparatus 2 (Klein and Shah, 2008). Berthelsen et al. 

have used the miniDiss setup with both 100 and 75 ml of dissolution medium, yielding similar 

results for both volumes (Berthelsen et al., 2014). For the experiments carried out in this 

study, 100 ml FastedM was used to which 30 mg of aZA were added (n=3). The stirring speed 

was set to 100 rpm and the experiments were performed at 37±0.5˚C. Samples (volume 

between 0.5-1.0 ml) were withdrawn at suitable time points with a syringe, and filtered 

through 0.2 µm pore size PTFE filters (13 mm diameter, VWR, Søborg, Denmark). The first 

drops were discarded, and from the residual filtrate 200 µl were used for further analysis by 

HPLC (see 2.2.4). Withdrawn samples were not replaced with fresh medium. The undissolved 

powder at the end of the dissolution experiment was isolated by centrifugation, left to dry at 

room temperature and analyzed by XRPD (see 2.2.5). 

2.2.4 High performance liquid chromatography (HPLC) 



Samples from the miniDiss experiments were analyzed by HPLC in order to quantify the 

content of dissolved ZA. A photodiode array detector (PDA-100) was downstream from an 

automated sample injector (Dionex ASI-100), and a pump system (P680HPLC) (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). This system was combined with a C18 HPLC 

column (Phenomenex Kinetex 5u XB-C18 100 A, 100 × 4.6 mm), protected with a pre-column 

(Phenomenex, Torrance, USA). The system was run in  isocratic mode at ambient 

temperature, with acetonitrile (ACN) and 0.1% acetic acid in MilliQ water adjusted to pH 5 

(60:40 v/v) as mobile phase, and the flow rate set to 1.2 ml/min. Samples were diluted with 

ACN (1:2 v/v). A volume of 20 µl was injected for analysis. The standard curve was made in a 

mixture of FastedM with ACN (1:2 v/v). The detection was at a wavelength of 254 nm.  

2.2.5 X-ray powder diffraction (XRPD) 

To determine the solid state form of the drug powder and residual solid from the dissolution 

experiments, the powders were studied by XRPD. A PANalytical X’Pert PRO X-ray 

diffractometer was used for the measurements (PANalytical, Almelo, The Netherlands) with a 

scanning speed of 0.780˚ 2θ/min, a step size of 0.013˚, a 2θ range of 2 to 30˚ 2θ, and with an 

accelerator voltage of 45 kV and the current set at 40 mA. Cu Kα radiation with λ = 1.542 Å 

was used. The reference diffractogram of the monohydrate form of ZA (MAJQIY) was taken 

from  the Cambridge Structural Database (Goldring et al., 2004). X’Pert HighScore Plus 

software version 2.2i was used for analysis (PANalytical, Almelo, The Netherlands). 

2.2.6 Differential scanning calorimetry (DSC) 

Measurements of the glass transition temperature (Tg) of aZA were performed on a TA 

instruments Discovery DSC (New Castle, USA). Approximately 4 mg of drug was weighed into 



an aluminium sample pan and sealed. The sample was cooled to 0°C (for 10 min), then heated 

to 200°C with a heating rate at 10 K/min. TRIOS software (TA instruments, New Castle, USA) 

was used for analyzing the resulting thermograms. 

2.2.7 Small angle X-ray scattering (SAXS) 

Small angle X-ray scattering was performed on the SAXS/WAXS beamline at the Australian 

Synchrotron (Kirby et al., 2013). The energy of incident X-rays was 11 keV (wavelength = 

1.127 Å) at a sample to detector distance of 567 mm, covering a q-range of 0.035-1.688 Å-1. To 

determine the solid state form of undissolved ZA dispersed in FastedM and LypoM over time, 

5 mg of aZA was weighed into an Eppendorf tube containing 1 ml of FasteM or LypoM and 

vortexed every 15 min. The solid state was analyzed after 0.5, 1, 2, 3 and 4 h, by transferring 

the suspension into a 1.5 mm diameter glass capillary, and the diffraction was acquired for 5 

sec. Diffraction patterns were radially integrated using the in house ScatterBrain software, 

and exported to Excel. 

3. Results and Discussion 

3.1 Stabile amorphous form 

When analyzing pure powdered ZA by XRPD a halo was seen in the diffractogram absent of 

any peaks that would have indicated crystallinity, stating ZA to be amorphous (aZA) (Fig. 1, 

diffractogram A). Analyzing aZA by DSC revealed a Tg of 101.3°C for this amorphous form as 

the only observable thermal event. Since the aZA can be considered being fully relaxed, the Tg 

was overlaid by an enthalpic relaxation peak (Fig. 2). The high Tg (101.3°C) of the amorphous 

form indicates that the drug is a practically stable solid form of ZA. To confirm this, 



amorphous samples of ZA were stored under normal laboratory conditions for a period of two 

years. The drug remained fully amorphous during this time.  

 

Figure 1: XRPD diffractograms of: (A) Amorphous zafirlukast, (B) zafirlukast after exposure to 
FastedM and (C) calculated diffractogram of the monohydrate form of zafirlukast (Goldring et al 
2004 - MAJQIY). 
 

 

Figure 2: 
Glass transition temperature for amorphous zafirlukast, determined by DSC. The glass transition is 
overlaid by a relaxation enthalpy peak and is found as the midpoint of the change in heat flow 
before and after the glass transition. 
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3.2 The dissolution and precipitation profile of ZA in the µDiss ProfilerTM in FastedM is 

affected by precipitating particles 

When studying dissolution of aZA powder in fasted state medium in the µDiss ProfilerTM, a 

rise in ZA concentration was seen for the first 5-10 min caused by rapid dissolution of a 

portion of the powder (Fig. 3). After having reached a maximum concentration of 80 µg/ml, 

the dissolved drug concentration remained steady for a period of approximately 20 min, 

followed by a fall in concentration. This dissolution behavior of aZA corresponded to the 

expected behavior of an amorphous form of a drug, as the dissolving aZA will have a 

propensity to supersaturate the dissolution medium with drug compared to the equilibrium 

solubility of the stable crystalline form, before precipitating from solution in the more stable 

crystalline form. By comparing the XRPD diffractograms of the precipitated solid state form of 

the drug to crystalline forms described in the Cambridge Structural Database, it could be 

shown that the supersaturated drug crystallized as the monohydrate form of ZA (Fig. 1, 

diffractograms B and C) (Goldring et al., 2004).  

 
Figure 3: 
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Dissolution and precipitation profile of Zafirlukast in FastedM studied in the µDiss ProfilerTM (3 
mg/10 ml, n = 3 ±SD, gray curve) and in the miniDiss (30 mg/100 ml, n = 3 ±SD, black curve).  
 

As seen in Figure 3,  the concentration of drug in solution fell as ZA precipitated, however, in 

the ZA concentration-time-curve generated by the µDiss ProfilerTM, the apparent drug 

concentration did not fall to a defined level that would indicate the steady state equilibrium 

solubility (of the monohydrate form). Rather, there appeared to be a “re-dissolution” of the 

precipitate (indicated by the increasing drug concentration in the ZA concentration-time-curve 

after approximately 50 min). This however, rather than indicating a true re-dissolution effect, 

the rise in drug concentration is considered to be a measuring artifact of the µDiss ProfilerTM, 

occurring due to the precipitating monohydrate particles causing additional scattering in the 

sample, interfering with the absorbance measurement (Van Eerdenbrugh et al., 2011) . The 

implication of this phenomenon is that the measured ZA concentration-time-curve would be 

considered to be unreliable when a precipitate is present in the dissolution medium.  

To investigate whether the precipitated ZA monohydrate particles indeed caused the above 

described phenomenon, a ZA concentration-time-curve was measured using a mini-paddle 

apparatus. When using a classic, albeit small scale, analogous setup to the large volume USP2 

dissolution apparatus, where the dissolved drug concentration was measured by HPLC of 

filtered (i.e. particle free) samples, a ZA concentration-time-curve with no “re-dissolution 

phenomenon” was obtained, fully in line with the expectations of the behavior of an 

amorphous drug upon dissolution and precipitation. Taken together it must be noted that the 

dissolution data generated in the µDiss ProfilerTM must be interpreted very carefully once 

precipitation has started and that the data can only be regarded as reliable until this point. It 

should be noted also, that the initial dissolution rate was slower in the miniDiss apparatus 



than in the µDiss ProfilerTM, and that the time to precipitation in the miniDiss apparatus was 

longer. Thus, comparisons of the influence of different media and PI on the dissolution rate 

and time to precipitation of aZA can only be done on measurements using the same 

experimental set-up. Despite the shortcoming of the µDiss ProfilerTM after precipitation has 

occurred, this instrument was used in the following studies, since the precipitation kinetics 

themselves were not of importance in this work, but rather the maximal dissolved drug 

concentration and the time to precipitation. 

 

3.3 PIs prolong the supersaturated state in FastedM, and can increase the level of 

supersaturation 

As mentioned in the introduction HPMC and PVP are excipients in Accolate®. Both polymers 

are often used as precipitation inhibitors, and therefore a potential effect of these on the 

supersaturation of aZA on dissolution was investigated. A nominal 1:1 (w/w) ratio of drug to 

polymer and one quality of both polymers (see 2.1) were tested. The effect of the polymers on 

the level and extent of supersaturation of the drug was investigated with the polymer being 

predissolved in the dissolution medium, and also being physically mixed with aZA and added 

together with the compound.  No apparent differences in the effect of the PIs between having 

the polymers predissolved in the medium or premixed with aZA could be detected, probably 

indicating more rapid dissolution of the polymer than the drug. tThe supersaturation period 

was prolonged approximately 10 times with HPMC present, but did not affect the level of 

supersaturation. In contrast, PVP increased the dissolved drug concentration during 

supersaturation by a factor of approximately 2, and kept the drug in solution throughout the 

experiment (>20 h) (Fig 4 A). Both polymers could therefore inhibit a fast precipitation, and 

theoretically ensure a higher bioavailability compared to aZA administered alone, or the 



monohydrate form of ZA. In a human study, aZA was administered in a tablet with and 

without PVP (Timko, 1999), and in a dog study, different solid state forms of ZA were 

administered in a tablet with PVP (Timko, 1999). In all cases, the co-administration of aZA 

with PVP resulted in a higher bioavailability than for the other groups.  

3.4 Lipolysis products have a negative effect on the duration of supersaturation 

Simulated fasted state intestinal medium with a composition within the limits of the 

composition of human intestinal fluids (Bergström et al., 2014) was used as an alternative 

dissolution medium to probe the impact of endogenous and exogenous lipids on the behavior 

of aZA during dissolution. This medium has further been modified into simplified media 

resembling a fed state (Table 1). Fed state media have previously been prepared by increasing 

the levels of bile salt and phospholipid concentration, changing the pH and adding lipolysis 

products in the form of oleic acid and monoolein in different concentrations and ratios. In this 

study, the level of bile salt and phospholipid was doubled compared to the fasted state 

medium and 10 mM oleic acid and 5 mM monoolein have been added.   

Using FedM as a dissolution medium, an increase in ZA concentration during supersaturation 

compared to FastedM was found, but the duration of supersaturation was decreased 

compared to the duration of supersaturation in the FastedM (Fig. 4 B). To determine whether 

a specific component of the FedM medium was causing the decrease in supersaturation time, 

two new media were prepared; DoubleM and LypoM. DoubleM contained twice the amount of 

bile salt and phospholipid compared to the FastedM, and LypoM was corresponding to the 

FastedM but with added lipolysis products at the same level as in FedM. From Fig. 4 B it can 

be seen that the addition of lipolysis products (LypoM) has a negative impact on the the 

duration of supersaturation compared to FastedM, but both addition of lipolysis products and 



increased levels of bile salt and phospholipid (LypoM and DoubleM) increased the drug 

concentration during the supersaturation compared to FastedM. 

To investigate whether the negative effect of LypoM was still prevalent in the presence of a PI, 

the experiments were repeated with added PVP in LypoM, since PVP was more effective in 

maintaining supersaturation of ZA in FastedM compared to HPMC. In Fig. 4 C it can be seen 

that the addition of lipolysis products to the medium caused the drug to precipitate over time 

in spite of the presence of PVP, whereas in the experimental time frame the drug did not 

precipitate in the presence of PVP from FastedM (Fig. 4A).  
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Figure 4: 
Dissolution and precipitation of zafirlukast in different media, with and without PI. (A) Dissolution 
and precipitation of zafirlukast in FastedM, with and without the presence of precipitation inhibitors 
(PI). The PI is either mixed (MIX) with zafirlukast at a 1:1 weight ratio prior to the experiment or 
was predissolved (Predissolved) in the medium. (B) Dissolution and precipitation of zafirlukast in 
different media (FastedM, FedM, DoubleM, and LypoM). (C) Dissolution and precipitation of 
zafirlukast in FastedM, LypoM, and LypoM combined with PVP. (n = 3, ±SD) 
 

3.5 Direct transition from amorphous ZA to the crystalline monohydrate form 

In order to measure the solid state form of ZA after precipitation in the µDiss ProfilerTM, the 

powder was isolated by centrifugation and left to dry before a measurement on the XRPD 

could be carried out. This means that the solid state form of the drug could have changed 

during drying or handling of the precipitate. It was therefore unclear if there was a direct 

precipitation of ZA to the monohydrate form, or whether there has was a more complicated 

polymorphic transition.  To address this uncertainty, the solid state form of the drug was 

detected in situ, using synchrotron SAXS. A simplified setup of the µDiss ProfilerTM experiment 

designed in part to mimic the exposure of powder to dissolution in the µDiss ProfilerTM was 

used to allow the real time determination of the precipitating solid state form. Due to the 

different setup that was required to carry out these measurements, the kinetics of dissolution 

and precipitation were anticipated to be different to those determined in the µDiss ProfilerTM. 
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In LypoM medium no diffraction rings could be detected at two hours (Fig. 5 A) indicating that 

the dispersed solid drug remained in the amorphous state (aZA). However, diffraction rings 

became evident after 3 hours with increasing intensity thereafter (Fig. 5 B). This clearly 

indicates the presence of solid crystalline material after 3 hours. The respective integrated 

scattering profiles are shown in Fig. 5 C, from which the peak positions could be correlated to 

those of the theoretical diffraction pattern for the monohydrate form of ZA at the 3 h and 4 h 

time points. No intermediate crystalline forms could be detected.  



 
 

 
Figure 5: 
Small angle X-ray scattering to determine the solid state form of zafirlukast in the medium with 
added lipolysis products (LypoM). (A) Diffractogram obtained after 2 hours exposure to the 
medium (B) Diffractogram obtained after 4 hours exposure. (C) Integrated scattering profiles at 
different time points. The dashed curve is the theoretical scattering pattern of ZA monohydrate 
(MAJQIY).  
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3.6 Could a small scale dissolution and precipitation study with different biorelevant 

media be a possible prediction tool for negative food effects? 

Even though different media were employed in this study, the in vitro dissolution set up used 

here is still simplified compared to what happens in the postprandial intestine in vivo. Other 

factors than simple changes in the biorelevant media used here, could also have an influence 

on dissolution and absorption, such as changes in fluid volume, varying gastric emptying 

times, changes in pH, potential compound specific effects, such as interactions with other 

molecules or ions, or changes in absorption mechanism.  However, even in the current study a 

negative effect of a simulated intestinal fed state medium on the duration of supersaturation 

could be identified, corresponding to the observed negative food effect described by the in 

vivo behavior of this drug (AstraZeneca, 2013; Dunn and Goa, 2001). This implies, that by 

employing simple in vitro studies, negative food effects can be foreseen during the 

preformulation studies. In vitro studies can therefore give a greater insight into the drug 

behavior earlier in the development process and give rise to a targeted screening process for 

excipients or enabling formulations.  

4. Conclusion 

Supersaturation of aZA was studied in vitro in a small scale setup using the µDiss ProfilerTM in 

biorelevant media, although precipitating particles introduced uncertainties in the later part 

of the measurements. The during of supersaturation was prolonged in the presence of HPMC 

and PVP with an increased concentration of dissolved drug in the supersaturated state in the 

presence of PVP. The duration of supersaturation was shorter in a fed than in a fasted state 

simulated intestinal medium. Lipolysis products in the fed state simulated medium were 

isolated as the cause of this negative effect on the duration of supersaturation. The 



effectiveness of PVP as a PI was reduced in the fed state intestinal medium in vitro compared 

to the fasted state. The solid state of the precipitate was confirmed to be the monohydrate 

form of ZA by SAXS. All of these results can possibly explain the described in vivo behavior of 

ZA. The study indicates that simple dissolution experiments in vitro can be used to examine 

supersaturation, effectiveness of PI and potential food effects on these.  

 

Acknowledgements 

The SAXS studies were conducted at the SAXS/WAXS beamline at the Australian Synchrotron.  

This work has received support from the Innovative Medicines Initiative Joint Undertaking 

(http://www.imi.europa.eu) under grant agreement n° 115369, resources of which are 

composed of financial contribution from the European Union's Seventh Framework 

Programme (FP7/2007-2013) and EFPIA companies’ in kind contribution. 

 

References 

AstraZeneca, 2013. Accolate® (zafirlukast) Tablets, Priscribing informaion, Wilmington, UK, accessed August 
2015: http://www1.astrazeneca-us.com/pi/accolate.pdf. 
Avdeef, A., Tsinman, O., 2008. Miniaturized Rotating Disk Intrinsic Dissolution Rate Measurement: Effects of 
Buffer Capacity in Comparisons to Traditional Wood’s Apparatus. Pharm. Res. 25, 2613-2627. 
Bergström, C.A.S., Holm, R., Jørgensen, S.A., Andersson, S.B.E., Artursson, P., Beato, S., Borde, A., Box, K., 
Brewster, M., Dressman, J., Feng, K.-I., Halbert, G., Kostewicz, E., McAllister, M., Muenster, U., Thinnes, J., 
Taylor, R., Mullertz, A., 2014. Early pharmaceutical profiling to predict oral drug absorption: Current status 
and unmet needs. Eur. J. Pharm. Sci. 57, 173-199. 
Berthelsen, R., Sjögren, E., Jacobsen, J., Kristensen, J., Holm, R., Abrahamsson, B., Müllertz, A., 2014. 
Combining in vitro and in silico methods for better prediction of surfactant effects on the absorption of 
poorly water soluble drugs—a fenofibrate case example. Int. J. Pharm. 473, 356-365. 
Brouwers, J., Brewster, M.E., Augustijns, P., 2009. Supersaturating drug delivery systems: The answer to 
solubility-limited oral bioavailability? J. Pharm. Sci. 98, 2549-2572. 
Buckley, S.T., Frank, K.J., Fricker, G., Brandl, M., 2013. Biopharmaceutical classification of poorly soluble 
drugs with respect to “enabling formulations”. Eur. J. Pharm. Sci. 50, 8-16. 



Dunn, C.J., Goa, K.L., 2001. Zafirlukast: an update of its pharmacology and therapeutic efficacy in asthma. 
Drugs 61, 285-315. 
efpia, 2015. The Pharmaceutical Industry in Figures, Belgium, accessed August 2015: 
http://www.efpia.eu/uploads/Figures_2015_Key_data.pdf. 
Fagerberg, J.H., Tsinman, O., Sun, N., Tsinman, K., Avdeef, A., Bergström, C.A.S., 2010. Dissolution Rate and 
Apparent Solubility of Poorly Soluble Drugs in Biorelevant Dissolution Media. Mol. Pharm. 7, 1419-1430. 
Galia, E., Nicolaides, E., Horter, D., Lobenberg, R., Reppas, C., Dressman, J.B., 1998. Evaluation of various 
dissolution media for predicting in vivo performance of class I and II drugs. Pharm. Res. 15, 698-705. 
Goldring, D., Botoshansky, M., Khalfin, R.L., Pertsikov, B., Nisnevitch, G., Ponomarev, V., Zaltzman, I., 
Gutman, A., Kaftory, M., 2004. Solvates of zafirlukast. Acta crystallographica. Section C, Crystal structure 
communications 60, 843-846. 
Jantratid, E., Janssen, N., Reppas, C., Dressman, J., 2008. Dissolution Media Simulating Conditions in the 
Proximal Human Gastrointestinal Tract: An Update. Pharm. Res. 25, 1663-1676. 
Kalantzi, L., Persson, E., Polentarutti, B., Abrahamsson, B., Goumas, K., Dressman, J., Reppas, C., 2006. 
Canine Intestinal Contents vs. Simulated Media for the Assessment of Solubility of Two Weak Bases in the 
Human Small Intestinal Contents. Pharm. Res. 23, 1373-1381. 
Kirby, N.M., Mudie, S.T., Hawley, A.M., Cookson, D.J., Mertens, H.D.T., Cowieson, N., Samardzic-Boban, V., 
2013. A low-background-intensity focusing small-angle X-ray scattering undulator beamline. Journal of 
Applied Crystallography 46, 1670-1680. 
Kleberg, K., Jacobsen, J., Müllertz, A., 2010. Characterising the behaviour of poorly water soluble drugs in 
the intestine: application of biorelevant media for solubility, dissolution and transport studies. J. Pharm. 
Pharmacol. 62, 1656-1668. 
Klein, S., Shah, V., 2008. A Standardized Mini Paddle Apparatus as an Alternative to the Standard Paddle. 
AAPS PharmSciTech 9, 1179-1184. 
Little, T., Butler, B.D., 2008. Pharmacological Intervention to the Inflammatory Response from 
Decompression Sickness in Rats. Aviation, Space, and Environmental Medicine 79, 87-93. 
Persson, E., Gustafsson, A.-S., Carlsson, A., Nilsson, R., Knutson, L., Forsell, P., Hanisch, G., Lennernäs, H., 
Abrahamsson, B., 2005. The Effects of Food on the Dissolution of Poorly Soluble Drugs in Human and in 
Model Small Intestinal Fluids. Pharm. Res. 22, 2141-2151. 
Pinault, L., Han, J.-S., Kang, C.-M., Franco, J., Ronning, D.R., 2013. Zafirlukast Inhibits Complexation of Lsr2 
with DNA and Growth of Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 57, 2134-2140. 
Smietana, K., Ekstrom, L., Jeffery, B., Moller, M., 2015. Improving R&D productivity. Nat Rev Drug Discov 
advance online publication. 
Stella, V.J., Nti-Addae, K.W., 2007. Prodrug strategies to overcome poor water solubility. Advanced Drug 
Delivery Reviews 59, 677-694. 
Timko, R.J., Bradway, RJ., Clemets, A., 1999. Pharmaceutical agents, Patent no. 5993859. Zeneca, US Patent. 
Tsinman, K., Avdeef, A., Tsinman, O., Voloboy, D., 2009. Powder Dissolution Method for Estimating Rotating 
Disk Intrinsic Dissolution Rates of Low Solubility Drugs. Pharm. Res. 26, 2093-2100. 
Van Eerdenbrugh, B., Alonzo, D., Taylor, L., 2011. Influence of Particle Size on the Ultraviolet Spectrum of 
Particulate-Containing Solutions: Implications for In-Situ Concentration Monitoring Using UV/Vis Fiber-
Optic Probes. Pharm. Res. 28, 1643-1652. 
Vertzoni, M., Markopoulos, C., Symillides, M., Goumas, C., Imanidis, G., Reppas, C., 2012. Luminal lipid 
phases after administration of a triglyceride solution of danazol in the fed state and their contribution to 
the flux of danazol across Caco-2 cell monolayers. Mol. Pharm. 9, 1189-1198. 
Warren, D.B., Benameur, H., Porter, C.J., Pouton, C.W., 2010. Using polymeric precipitation inhibitors to 
improve the absorption of poorly water-soluble drugs: A mechanistic basis for utility. J. Drug Target. 18, 
704-731. 
Warren, D.B., Bergstrom, C.A., Benameur, H., Porter, C.J., Pouton, C.W., 2013. Evaluation of the structural 
determinants of polymeric precipitation inhibitors using solvent shift methods and principle component 
analysis. Mol. Pharm. 10, 2823-2848. 



 


