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A B S T R A C T

In order to investigate the supersaturation propensity of drugs in a simple and small-scale setup, induction of
supersaturation is often performed via solvent shift. For weak bases, a potentially more biorelevant induction
method would be a pH shift, as it is often hypothesized that the induction method will impact the super-
saturation and precipitation. However, this has not been investigated systematically in a pharmaceutical context.
This study investigates the impact of the induction method of supersaturation for nine basic drugs, A0619,
A2853, albendazole, cinnarizine, dipyridamole, intraconazole, JNJ39393406, ketoconazole, and posaconazole,
on four parameters: highest apparent degree of supersaturation, induction time, precipitation rate and solid form
of the precipitate, using a novel standardized small-scale supersaturation and precipitation method. For eight of
the nine drugs, the same highest apparent degree of supersaturation was obtained with both induction methods.
For the induction time, precipitation rate and the solid form of the precipitate, no systematic differences between
the induction methods were detected, however individual drugs did show differences. The study shows that, if a
drug is sufficiently soluble at low pH, the solvent shift and pH shift induction methods of supersaturation yield
comparable results.

1. Introduction

Low aqueous solubility of many drugs is a well described challenge
in drug development (Di et al., 2009; Fong et al., 2017; Williams et al.,
2013). Low solubility at the site of absorption in the small intestine for
example, can result in poor and variable bioavailability (Di et al.,
2009). To overcome this challenge, a range of different strategies to
increase solubility and/or dissolution rate have been developed in order
to increase the free drug concentration at the absorptive site and hence
drug absorption (Williams et al., 2013). One way to increase the free
drug concentration is to use supersaturating drug delivery systems
(Brouwers et al., 2009). A drug is supersaturated, if its apparent con-
centration exceeds the crystalline solubility of the drug in the exact
same medium (Taylor and Zhang, 2016). A common way to describe
supersaturation in complex media is to use the apparent degree of su-
persaturation (aDS), as defined in Eq. (1) (as discussed in (Frank et al.,
2012)):

=aDS
aC

aC
Supersaturated

solubility (1)

where aCsupersaturated is the apparent supersaturated concentration and
aCsolubility is the apparent solubility of the drug in the exact same
medium. The downside of using a supersaturated system is that it is
inherently unstable and will, over time, precipitate in order to establish
the thermodynamic equilibrium. When precipitation occurs, the free
drug concentration will be reduced and with that, the driving force for
absorption. Hence it is of interest to investigate the risk of precipitation
from supersaturated systems. In order to induce supersaturation, the
drug must be in a high energy state. This can be achieved in a drug
delivery system e.g. by the use of an amorphous solid form of the drug
(Grohganz et al., 2014). One way to study supersaturation and pre-
cipitation is to dissolve the drug in an organic water-miscible solvent in
which the drug has a high drug solubility, and spike a small amount of
this solution into the medium of interest (e.g. simulated intestinal
fluid). This method is commonly known as the solvent shift method. It
is often used as it is easy, convenient and requires only small amounts of

https://doi.org/10.1016/j.ijpharm.2019.118862
Received 9 September 2019; Received in revised form 6 November 2019; Accepted 7 November 2019

⁎ Corresponding author at: Department of Pharmacy, University of Copenhagen, Universitetsparken 2, DK-2100 Copenhagen, Denmark.
E-mail address: anette.mullertz@sund.ku.dk (A. Müllertz).

International Journal of Pharmaceutics 573 (2020) 118862

Available online 20 November 2019
0378-5173/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2019.118862
https://doi.org/10.1016/j.ijpharm.2019.118862
mailto:anette.mullertz@sund.ku.dk
https://doi.org/10.1016/j.ijpharm.2019.118862
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2019.118862&domain=pdf


drug (Bevernage et al., 2013; Morrison et al., 2014; Palmelund et al.,
2016; Skolnik et al., 2018). Because the drug is introduced in a dis-
solved form, data analysis is straight forward as there is no dissolution
step occurring simultaneous to the initiation of precipitation. As high-
lighted by Palmelund et al. (2016) the drawback of the solvent shift
method, and supersaturation methods in general, is a lack of con-
sistency in the choice of supersaturated concentrations investigated
(Palmelund et al., 2016). The rationales behind a specific concentration
or aDS used are often not given, making comparisons between studies,
methods and drugs published in the scientific literature difficult.

Palmelund et al. presented a standardized supersaturation and pre-
cipitation method (SSPM) (Palmelund et al., 2016). In the SSPM, the
rational for the choice of the initial concentration is based on the spe-
cific drug investigated. The SSPM determines the highest concentration
to investigate (Css,100%, defined as the highest concentration that does
not immidiatly cause precipitation) and three standardized lower con-
centrations (87.5%, 75% and 50% of the highest concentration). These
four concentrations are investigated in order to determine the influence
of the concentration on the onset of precipitation; i.e. from the con-
centration time profile the induction time of precipitation (tind) is ex-
tracted. In the SSPM method, tind is defined as the time point at which
the supersaturated concentration has decreased by 2.5% (Eqs. (2) and
(3)).

t t aC( )ind Supersaturated:97.5% (2)

= +aC aC C C97.5%·( )Supersaturated supersaturated solubility solubility:97.5% (3)

A quantitative relationship between tind and the aDS can be de-
scribed using Eq. (4), as previously described (Ozaki et al., 2012;
Palmelund et al., 2016):

= +ln t ln aDS( ) · ( )ind
2 (4)

This linear equation describes the tendency of a drug to precipitate
as a function of aDS. The α-value describes the tind at high aDS and the
β-value describes the gain in tind with a reduction in aDS. Drugs with a
high β-value can hence achieve a prolonged period of time without
precipitation, if the aDS is kept sufficiently low. In the intestine, this
would increase the exposure of the drug in solution to the absorptive
site and hence the driving force for absorption. Using this linearization,
it becomes possible to rank-order drugs based on their supersaturation
propensity, as well as to evaluate the effect of precipitation inhibitors
(Palmelund et al., 2016). The SSPM has recently been subjected to an
intra- and inter-laboratory study investigating the reproducibility of the
method, and a reproducible ranking of three model drugs based on their
β-value was found (Plum et al., 2017).

Even though it is convenient for simple in vitro methods to use an
organic water-miscible solvent as vehicle for inducing supersaturation,
this may not be transferable to later stages of development including
the use of more complex biorelevant in vitro methods, such as transfer
models (Kostewicz et al., 2004; Kourentas et al., 2016; Vatier et al.,
1994). Hence there may be a need to develop a more biorelevant in-
duction method of supersaturation than the solvent shift method to be
applied already in early development. This could for instance be a pH
shift method, mimicking the transfer from the low pH conditions of the
stomach to the neutral pH of the small intestine. This can lead to su-
persaturation of weak bases with pKa values between 2 and 8 at the site
of absorption in the small intestine (Psachoulias et al., 2011). Several
different simple in vitro models have already been developed in order to
predict the apparent solubility benefits from pH shift (i.e. shift in drug
ionization). For example, Hsieh et al. induced supersaturation via pH
shift and found a correlation between the physical form of the pre-
cipitate and a sustained supersaturation (Hsieh et al., 2012). However,
to date there has been no direct comparison between pH shift and
solvent shift for induction of supersaturation, as this is difficult to do
without a standardized method. Hence, the aim of the current study
was to compare the solvent shift and pH shift induction method with

regards to highest aDS, tind, precipitation rate and solid form of the
precipitate of nine weak basic model drugs using the SSPM.

2. Materials and methods

2.1. Materials

Fasted state simulated gastric fluid (FaSSGF) and fasted state si-
mulated intestinal fluid version 1 (FaSSIF) powder (SIF powder ori-
ginal) were purchased from Biorelevant.com (London, UK).
Albendazole was purchased from Hangzhou Dayangchem Co., LTD
(Hangzhou, China, USP grade) and A0619 and A2853 were donated by
Material Science and Early Characterization, Research Center Aprath,
Bayer Pharma AG (Wuppertal, Germany). Cinnarizine and dipyr-
idamole were purchased from Sigma Aldrich (Brøndby, Denmark),
itraconazole and JNJ39393406 (JNJ) were donated by Jansen
Pharmaceutica, Johnson & Johnson (Beerse, Belgium) and ketoconazole
was donated by Biologics and Pharmaceutical Science, Lundbeck A/S
(Valby, Denmark). All other chemicals used in this study were of ana-
lytical grade or higher. Filters (Q-max® Syringe Filters, 25 mm dia-
meter, membrane 0.45 µm cellulose acetate) were from Frisenette
(Knebel, Denmark).

2.2. Methods

All supersaturation and solubility experiments were conducted on
the µDISS Profiler™ (Pion, MA, USA). Due to differences in the ab-
sorption of the drugs and light scattering of the precipitates, different
light path lengths for each drug were used for the in situ UV fiber optic
probes (Table 1). For each experiment a new standard curve was pre-
pared. The experimental setup uses UV/VIS spectroscopy to measure
the drug concentration during the experiment. The 2nd derivative of
the UV/VIS spectrum was used to normalize the effect of precipitation
during the experiment. To ensure data validity, all samples were fil-
tered at the end of each experiment and afterwards reanalyzed on the
µDISS Profiler™. No differences in concentration before and after fil-
tration were observed, thus validating the measured concentration in
presence of precipitate.

2.2.1. Media preparation
FaSSGF (Vertzoni et al., 2005) and FaSSIF (Galia et al., 1998) were

prepared according to the manufacturers descriptions. Double con-
centrated FaSSIF (2xFaSSIF) was prepared by dissolving 5.48 mg/mL of
SIF powder in a double concentrated (56.8 mM) phosphate buffer at pH
6.5 and pH was adjusted, so that addition of 5 mL 2xFaSSIF to 5 mL of
FaSSGF would yield 10 mL media with the same composition as FaSSIF.
FaSSIF, 2xFaSSIF and FaSSGF were used within 24 h after preparation.

Table 1
Light pathlength and wavelength used to quantify the concentration of each
drug using UV spectroscopy on the µDiss Profiler™. Two different experimental
setups were used to measure solubility and to investigate supersaturation using
the standardized supersaturation and precipitation method (SSPM).

Drug Light pathlength (mm) Wavelength (nm)

SSPM Solubility

A0619 2 10 384–410
A2853 5 20 315–350
Albendazole 10 20 286–319
Cinnarizine 5 20 292–310
Dipyridamole 2 5 400–420
Itraconazole 10 20 258–275
JNJ39393406 5 10 266–292
Ketoconazole 2 20 310–350
Posaconazole 5 20 278–310
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2.2.2. Solubility
An excess amount of drug was added to 10.0 mL preheated FaSSIF

(5 mL FaSSGF + 5 mL 2xFaSSIF, pH 6.5) in the µDiss Profiler™ and
stirred at 100 rpm. Dissolution of the drugs plateaued between 16 and
24 h after initiation of the experiment. All samples were filtered and
analyzed again to confirm the concentration. All solubility studies were
conducted with six replicates (n = 6).

2.2.3. Standardized supersaturation and precipitation method (SSPM)
2.2.3.1. Inducing supersaturation with solvent shift. The solvent shift
method was used to induce supersaturation in the SSPM according to
Palmelund et al. (2016). To determine the highest degree of
supersaturation, Css,100%, aliquots (5 – 50 µL) of a stock solution of
the drug dissolved in DMSO were spiked into 10.0 mL FaSSIF media.

The solution was monitored by absorbance measurements in the µDISS
Profiler™ for precipitation. A baseline shift or deviation from linearity
between the UV signal and the concentration were interpreted as
precipitation. All experiments were conducted at 37 °C. The last
concentration prior to the detection of precipitation within the first
minute after addition of the DMSO drug solution was used as the
Css,100%. Subsequently, concentration–time profiles for 100%, 87.5%,
75% and 50% of the Css,100% were determined, using 200 µL of DMSO
with predissolved drug to induce supersaturation in 10 mL of FaSSIF.
The experiments were conducted with 3–6 replicates.

2.2.3.2. Inducing supersaturation with pH shift. In order to compare the
two induction methods, the same four doses of the drug used in the
solvent shift experiment was dissolved in 5 mL FaSSGF. Hence, the
dilution of the concentration was 2-fold for the pH shift method, but 51-
fold for the solvent shift method. The experiment was started by adding
5 mL 2x FaSSIF to the FaSSGF solution containing the dissolved drug to
yield media with a pH of 6.5 ± 0.1 and the composition of FaSSIF. The
pH was measured at the beginning and end of each experiment. The
experiments were conducted for at least 60 min with 3–6 replicas.

2.2.4. Solid state characterization
The solid state form of the precipitate was analyzed by X-ray

powder diffraction (XRPD). All measurements were conducted less than
four hours after initiation of the experiment. For posaconazole the solid
form was also investigated after storage at ambient conditions over-
night. The precipitate was collected from a separate experiment per-
formed with the Css,100% from the SSPM, scaled up to a volume of 200 –
600 mL of FaSSIF, in order to have sufficient precipitate for the XRPD
measurements. The samples were centrifuged in 50 mL centrifugation
tubes for 30 min (3659 g, Megafuge 16R, Thermo Scientific, Waltham,
MA, USA,). The supernatant was removed from the tubes and the slurry
was collected in a microcentrifuge tube and centrifuged again for
10 min (12,000 g, MicroCL 17, Thermo Scientific, Waltham, MA, USA).

Table 2
Physico-chemical properties and solubility (experimental and literature values) of the model drugs in FaSSIF.

Drugs Solubility (experimental) (µg/mL), Mean ± SD Solubility (literature) (µg/mL), Mean ± SD Physico-chemical properties

A0619a 1.9 ± 0.0 N/A Mw: 466 g/mol
pKa: B3.8
Log P: c4.15

A2853a 1.0 ± 0.1 1.0 ± 0.01 Mw: 397 g/mol
pKa: B3.10
Log P: c2.99

Albendazole 2.2 ± 0.1
(SUTWIO)c

1.9 ± 0.0 Mw: 265.3 g/mol (Palmelund et al., 2016)
pKa: B 3.37, A 9.93 (Takács-Novák et al., 1995),
Log P: 1.27 ± 0.04 (Takács-Novák et al., 1995)

Cinnarizine 8.3 ± 0.2
(CINNAZ)c

13.3 ± 0.7 (Fagerberg et al., 2012)
17.4 ± 0.4 (Clarysse et al., 2011)
20.4 ± 1.4 (Blaabjerg et al., 2018)

Mw: 368.5 g/mol
pKa: 1.95, 7.5 (Gu et al., 2005)
Log P: 5.7 (Baird et al., 2010)

Dipyridamole 18.6 ± 0.1
(BIRKES10)c

14.4 Mw: 505 g/mol
pKa: 6.4 (Patterson et al., 2005)
Log P: 1.35

Itraconazole 0.2 ± 0.0 0.5 ± 0.3 (Augustijns et al., 2014) Mw: 706 g/mol
pKa: B2.2, B3.9
cLog P: 7.14 (Bevernage et al., 2012)

JNJ39393406b 3.6 ± 0.0 N/A Mw: 416.4 g/mol
pKa: 3.45
Log P: 3.14

Ketoconazole 39.7
(KCONAZ)c

38.8 ± 2.7 Mw: 531.4 g/mol
pKa: 2.9 and 6.5 (Vertzoni et al., 2004)
Log P: 4.3 (Vertzoni et al., 2004)

Posaconazole 2.4 ± 0.1 4.8 ± 0.8 (Augustijns et al., 2014) MW: 700.8 g/mol (Hens et al., 2017)
pKa: B3.6, B4.6 (Hens et al., 2017)
LogP 4.6

a The physico-chemical information of A0619 and A2853 and literature solubility of A2853 are from an internal OrBiTo drug database.
b JNJ39393406 has the CAS number 953428-73-4. Physico-chemical information obtained via personal correspondance with Jan Bevernage, Pharmaceutical

Sciences, Janssen Pharmaceutica, Johnson & Johnson, Beerse, Belgium.
c The Cambridge Structural Database reference code of the solid form of the starting material.

Table 3
Comparison of the highest aDS obtained by solvent shift and pH shift as in-
duction methods for supersaturation.

Drug Sufficiently soluble in
FaSSGF*

Highest aDS
(solvent shift)

Highest aDS (pH
shift)

A0619 Yes 29.3 29.9
A2853 Yes 29.5 29.0
Albendazole Yes 7.3 7.3
Cinnarizine Yes 11.4 11.4
Dipyridamole Yes 12.3 13.0
Itraconazole No1 61.8 –
JNJ Yes 12.3 11.2
Ketoconazole Yes 13.6 14.5
Posaconazole Yes 13.7 13.4

* To determine if the solubility in FaSSGF was sufficient, the dose of the
drug, corresponding to 200 µL of the stock solution used to generate the
Css100% in the solvent shift method, was dissolved in 5 mL FaSSGF.

1 Itraconazole was not sufficiently soluble in FaSSGF to conduct the ex-
periments. Hence, no further results for itraconazole was shown.
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The precipitate was collected and left to dry. The XRPD diffractograms
were measured on a PANalytical X’Pert PRO X-ray diffractometer with a
PIXcel detector (Almelo, The Netherlands). Measurement were con-
ducted over the range of 2° to 35° 2θ using Cu Kα radiation
(λ = 1.54187 Å), and a step size of 0.02626° 2θ. The scan rate was
0.06734 2θ/s and a voltage of 45 kV and a current of 40 mA were used.
The data were collected on a X’Pert Data Collector and analyzed using
X’Pert HighScore (PANalytical, B.V., Almelo, The Netherlands). If no
peaks were found in the diffractogram, the samples were reanalysed the
next day, to confirm the lack of peaks was due to amorphous precipitate
and not insufficient amount of drug. Excel was used to organize data
and GraphPad Prism™ 6 (GraphPad Software, Ca, USA) was used for
illustration. Diffractograms of ketoconazole, cinnarizine and dipyr-
idamole were compared to entries in the Cambridge Structural
Database (Groom et al., 2016) to determine the polymorphic form of
the starting material and precipitate. Drugs A0618, A2853, JNJ and
posaconazole did not have entries in the database.

2.2.5. Data analysis
Determination of tind was performed as explained above and in ac-

cordance with Palmelund et al. (2016). The precipitation rate was de-
termined as the slope at the midpoint of the concentration time profile,
determined as the average of drug concentrations at the initial plateau
and the plateau after precipitation. Linear regression was performed on
twelve points surrounding the midpoint (corresponding to data col-
lected for one minute). The slope of the linear regression was multiplied
with the total volume used in the SSPM to yield the precipitation rate.
For three drugs (JNJ, cinnarizine and dipyridamole), only three con-
centrations were analysed, as the lowest concentration did not pre-
cipitate within the timeframe of the experiment. In order to compare
the precipitation rate dependence on the induction method, the calcu-
lated precipitation rates were fitted to Eq. (5).

= +PR a b c· ss (5)

where PR is the calculated precipitation rate and css is the apparent
supersaturated concentration at the beginning of the experiment.

3. Results & discussion

3.1. Solubility

The solubility of the nine model drugs was determined in FaSSIF. In
general, the solubilities were in good agreement with literature values
(Table 2). The solubility of cinnarizine is lower than the literature va-
lues (literature values range from 13.3 to 20.4 µg/mL, but the poly-
morphic form of the drug was not specified (Blaabjerg et al., 2018;
Clarysse et al., 2011; Fagerberg et al., 2012)). The solubility of

cinnarizine determined in the current study may be due to a different
polymorphic form being used as the starting material (CINNAZ) being
used than in other studies, as the precipitate of cinnarizine had a dif-
ferent solid form than the starting material (see below).

3.2. Induction of supersaturation via solvent shift versus pH shift

All model drugs were highly soluble in DMSO, hence the highest
aDS as described by Palmelund et al, was achieved (Palmelund et al.,
2016) (Table 3). The highest aDS obtained ranged from 7.3 for alben-
dazole to 61.8 for itraconazole.

For the pH shift method, eight of the nine drugs were sufficiently
soluble in FaSSGF to obtain the desired highest aDS (Table 3). The
range of highest aDS was from 7.3 for albendazole to 29.9 for A0619. As
expected, the same aDS was reached for the two induction methods,
except for itraconazole, due to insufficient solubility in FaSSGF. The
other eight drugs had ≤0.9 difference in the highest aDS between the
two induction methods. No general trend in the highest aDS was ob-
served as a function of induction method, as three drugs (A2853, JNJ
and posaconazole) had the highest aDS with solvent shift and three
other drugs (A0619, dipyridamole and ketoconazole) had the highest
aDS with pH shift. The two last drugs (albendazole and cinnarizine) had
the exact same aDS for both induction methods. Hence, the difference
in highest aDS is considered to be within experimental error of the
method and not related to the difference in induction method.

As expected, the onset of precipitation (tind) was prolonged when
the aDS was decreased, corresponding to 100%, 87.5%, 75% and 50%
of the Css,100% (the concentration time profile for dipyridamole is shown
in Fig. 1, as an example).

The tind at the highest concentration investigated, Css,100%, were
below 5 min for all drugs.

3.3. Induction time

In order to compare the different drugs, the relationship between
the tind and aDS was calculated according to Eq. (4) (Palmelund et al.,
2016). Data are shown in Fig. 2. Inducing supersaturation with solvent
shift gave a good linear fit to Eq. (4) for A0619, A2853, cinnarizine,
posaconazole, dipyridamole and albendazole (r2 0.99 – 0.65) (Fig. 2),
however, the linear relationship for ketoconazole and JNJ gave a
r2 < 0.3, which was considered to be a poor fit.

Inducing supersaturation with pH shift gave a good fit to Eq. (4) for
A0619, A2853, posaconazole, cinnarizine and dipyridamole (r2 0.93 –
0.63). For albendazole, JNJ and ketoconazole, the linear fit was not
good (r2 ≤ 0.34).

For dipyridamole, A0619, A2853 and ketoconazole, the plots of ln
(tind) versus ln(aDS)-2 were similar for the two induction methods

Fig. 1. Concentration time profile for dipyridamole. Four different concentrations (Css100%, Css87.5% Css75%, Css50%) of dipyridamole in FaSSIF were generated
by solvent shift (229, 202, 166, 115 µg/mL) (A) or pH shift (242, 206, 179, 118 µg/mL) (B) and the absorbance was monitored via in situ UV probes. The SSPM
experiment was conducted with n = 3–6.

J. Plum, et al. International Journal of Pharmaceutics 573 (2020) 118862
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Fig. 2. Plots of ln(tind) versus ln(aDS)-2. The black triangles represent the solvent shift method and the red triangles represent the pH shift method. The dotted lines
indicate best linear fit. Albendazole solvent shift data from Palmelund et al. (2016). Table 4 summerises the fit to Eq. (4) for each drug. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2). For cinnarizine, the tind was consistently longer when pH shift
was used to induce supersaturation. For JNJ and posaconazole, the tind

was consistently longer for solvent shift compared to pH shift. A recent
study showed that rank ordering of the supersaturation propensity ac-
cording to the β-value, but not the α-value, was consistent in an in-
terlaboratory study (Plum et al., 2017). Hence, to compare the pH shift
and the solvent shift data sets, the ratio of the fitted β-values of Eq. (4)
was calculated (Table 4). Out of the eight drugs for which the linear-
ization was conducted, five drugs had a ratio around 1, ranging from
0.9 to 1.7. For ketoconazole, albendazole and JNJ, the ratio was above
2. Ketoconazole and JNJ both had a poor fit to Eq. (4). However, this
was consistent for both induction methods.

It is important to note, that even though the ratio of cinnarizine and
posaconazole are close to 1, the results are not similar, as there is an

offset between the results of the two induction methods (Fig. 2B and H).

3.4. Precipitation rate

For each drug, the precipitation rate was calculated for all four Css

(Fig. 3). The precipitation rate was proportional to the starting con-
centration, but not the aDS. The precipitation rate is governed by the
flux of molecules to the crystal, and the flux is dependent on the con-
centration in the supersaturated system (i.e. the total number of mo-
lecules available to reach the surface of the crystal) (De Yoreo and
Vekilov, 2003). This proportionality was consistent between drugs.

Inducing supersaturation by pH shift, did not alter the linear re-
lationship between precipitation rate and initial concentration for each
drug (Fig. 3). For all drugs, a good linear fit between precipitation rate
and initial concentration was achieved (r2 ≥ 0.68).

For both induction methods of supersaturation, a linear regression
of the initial concentration and precipitation rate showed a good cor-
relation (Fig. 3). Hence, in order to compare the two induction
methods, the ratio between the b values of Eq. (5), was calculated
(Table 5). A0619, A2853, cinnarizine, ketoconazole and posaconazole
had ratios of the b values of 1.0 ± 0.2, whereas dipyridamole had a
ratio of 0.6 and albendazole and JNJ had ratios above 2. Overall, this
means that the precipitation rate is similar between the two induction
methods.

3.5. Solid form of the precipitate

As shown in Fig. 4, the drugs A0619, A2853, dipyridamole and
ketoconazole precipitated to the same polymorphic form as the starting
material, regardless of the applied induction method of supersaturation.
The solid form of A0619 and A2853 is unknown, but the solid form of
dipyridamole is BIRKES10 and of ketoconazole is KCONAZ. This con-
firms previous in vitro studies in FaSSIF (Psachoulias et al., 2012), but is
in contrast to work conducted in aqueous buffer, where ketoconazole
was shown to precipitate amorphous after a pH shift induced super-
saturation (Hsieh et al., 2012). The cinnarizine starting material was

Table 4
Summary of the linear fit between the ln(tind) and ln(aDS)-2 shown in Fig. 2 of both solvent shift and pH shift induced supersaturation studies for each model drug.
The β value is used to assess the similarity of tind between the solvent shift and the pH method.

Solvent shift pH shift

Drug α1 β1 r2 α2 β2 r2 1/ 2

A0619 −2.0 ± 0.5 27.4 ± 3.7 0.72 −1.4 ± 0.3 20.5 ± 2.1 0.82 1.3
A2853 −2.9 ± 0.6 37.5 ± 5.9 0.65 −1.8 ± 0.3 22.1 ± 2.8 0.80 1.7
Cinnarizine −0.7 ± 0.2 10.5 ± 0.9 0.85 1.1 ± 0.3 8.7 ± 1.4 0.63 1.2
Dipyridamole −2.2 ± 0.2 19.9 ± 1.1 0.94 −2.2 ± 0.3 21.6 ± 1.6 0.93 0.9
JNJ 0.7 ± 0.6 6.7 ± 2.7 0.21 −0.6 ± 0.2 3.4 ± 1.0 0.34 2.0
Albendazole −2.1 ± 0.2 9.9 ± 0.4 0.96 0.8 ± 0.2 0.4 ± 0.6 0.03 24.9
Ketoconazole 1.9 ± 0.3 1.4 ± 1.4 0.05 2.4 ± 0.5 0.6 ± 0.5 0.01 2.3
Posaconazole −0.8 ± 0.4 20.0 ± 2.1 0.80 −1.4 ± 0.4 14.4 ± 2.0 0.71 1.4

Fig. 3. Precipitation rate as a function of initial concentration (Css) for the nine
model drugs. The black colour indicates use of the solvent shift method and the
red colour indicates use of the pH shift method. Some drugs only have three
data points in the graph, because precipitation at the lowest concentration in-
vestigated did not occur within the time frame of the experiment. The experi-
ments were performed with 3–6 replicates. Table 5 shows the linear regression
between initial concentration and precipitation rate for each drug. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 5
Summary of the linear fit between precipitation rate versus the initial concentration shown in Fig. 3, according to Eq. (5). The b-value is the slope and the a-value is
the y-intercept of the linear fit of the data shown in Fig. 3.

Solvent shift pH shift

Drug a1 b1 r2 a2 b2 r2 a1/a2 b1/b2

A0619 −176 ± 44 7.0 ± 1.0 0.69 −155 ± 38 7.1 ± 0.8 0.77 1.1 1.0
A2853 −137 ± 17 9.7 ± 0.7 0.89 −176 ± 24 12.3 ± 1.0 0.90 0.8 0.8
Cinnarizine −163 ± 17 3.2 ± 0.2 0.91 −219 ± 30 3.2 ± 0.3 0.84 0.8 1.0
Dipyridamole −406 ± 150 2.8 ± 0.8 0.47 −757 ± 151 4.9 ± 0.7 0.82 0.5 0.6
JNJ −83 ± 20 2.9 ± 0.5 0.71 −35 ± 7.7 1.4 ± 0.2 0.75 2.3 2.1
Albendazole −23.9 ± 3.5 2.6 ± 0.3 0.81 −11.3 ± 1.7 1.3 ± 0.1 0.84 2.1 2.1
Ketoconazole −359 ± 62 1.9 ± 0.1 0.89 −473 ± 55 2.0 ± 0.1 0.93 0.8 0.9
Posaconazole −14.8 ± 8.2 1.1 ± 0.3 0.43 −8.9 ± 3.4 0.9 ± 0.1 0.68 1.7 1.2
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the polymorphic form CINNAZ. The solid form of the precipitate was a
mixture of the polymorphs CINNAZ and CIZYER. Posaconazole pre-
cipitated amorphous. To confirm the presence of posaconazole pre-
cipitate in the sample, the sample was reanalyzed after storage at am-
bient conditions overnight. After storage over night, the diffractogram
of the sample showed a similar solid state form as the starting material.
Amorphous precipitate of posaconazole has previously been reported
for a similar type of experiment in FaSSIF, though the authors noted a
rapid re-crystallization (within 10 min). For albendazole and JNJ, it
was not possible to obtain a sufficient amount of precipitate for XRPD
measurements for either of the induction methods, even when scaling
the experiment up 60 times. For all drugs investigated, the solid form of
the precipitate did not depend on the supersaturation induction
methods used (Fig. 4).

4. Conclusion

In this study, solvent shift and pH shift as induction methods for
supersaturation were compared and evaluated for their effect on the
highest aDS, induction time, precipitation rate and solid form of the
precipitate. The experiments were performed using a standardized su-
persaturation and precipitation method in order to allow comparison of
the results. Generally there was good agreement between the two

methods of inducing supersaturation for the four parameters in-
vestigated in the current study; aDS, tind, precipitation rate, solid form
of precipitate. For eight out of the nine drugs investigated, a similar aDS
was obtained for both induction methods. For the ninth drug, itraco-
nazole, the solubility in FaSSGF was insufficient to perform the ex-
periment. Of the eight remaining drugs, five had similar β-values for the
two induction methods. For the precipitation rate, four out of eight had
similar results for both induction methods. The solid form of the pre-
cipitate was similar for the two induction methods for all drugs, where
precipitate could be obtained, and for the two drugs were no precipitate
could be obtained, this was the case for both induction methods. For
four drugs, the results following the two induction methods did not
yield the same results. As explained above itraconazole was not suffi-
ciently soluble in FaSSGF to facilitate the comparison. For albendazole,
the plot of ln(tind) versus ln(aDS)-2 after solvent shift fitted well with the
Eq. (4), however, when supersaturation was induced with pH shift,
there was no linear relationship between ln(tind) and ln(aDS)-2.
JNJ39393406 had a longer tind and a slower precipitation rate for
solvent shift compared to pH shift. Cinnarizine had a longer tind and a
slower precipitation rate when supersaturation was induced by pH shift
compared to solvent shift.

This study shows that there indeed appears to be a general agree-
ment in the supersaturation and precipitation profiles induced via ei-
ther solvent shift and pH shift for weak bases, however there might be
individual cases where the drug supersaturation is dependent on the
induction method. Hence as an initial screening tool in early drug de-
velopment, solvent shift seems to be convenient and more broadly ap-
plicable, as it is not limited to weak bases.
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