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a b s t r a c t

Drug precipitation in vivo is often an undesirable outcome after administration of a drug formulation into
a human body. It may reduce drug concentration for immediate action, leading to a delayed or reduced
efficacy. There are few practical in vivo assays available for evaluation of drug precipitation. Effective and
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efficient in vitro precipitation screening assays are highly desirable. In recent years, in vitro assays for
assessment of drug precipitation potential have become available. The aim of this article is to provide
the reader with a brief review of such in vitro precipitation screening assays for intravenous and oral
formulations.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction
Drug precipitation in vivo is often an undesirable outcome after
dministration of a drug formulation into a human body. It is a
rocess in which a drug solute precipitates in vivo when the solu-
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378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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bilization capacity of the formulation for the drug has decreased.
Drugs may precipitate in vivo due to sharp pH change, formulation
dilution with body fluids, or digestion of solubilizing excipients in
formulations (Kaukonen et al., 2004b; Porter et al., 2007; Schroeder
and DeLuca, 1974). Such precipitation often reduces drug concen-

tration in aqueous phase needed for immediate action, leading to a
delayed or reduced efficacy (Hoener and Benet, 2002). In addition,
drug precipitation in the vein after intravenous administration may
produce severe adverse venous irritation/inflammation (phlebitis)

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:wdai3@its.jnj.com
dx.doi.org/10.1016/j.ijpharm.2010.03.040
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Falchuk et al., 1985; Turco, 1975). Therefore, it is critical to assess
rug precipitation in vivo during formulation screening and devel-
pment.

While in vivo studies provide the most direct measurement of
rug precipitation after administration, they are expensive and

abor extensive. Very often, observation and quantitative measure-
ent of drug precipitation in vivo pose a great technical challenge,

articularly for oral formulations. As a result, there are few in vivo
recipitation studies reported (Buck et al., 1985; Davio et al., 1991;
ovach et al., 1985; Lieber et al., 1986; Powis and Kovach, 1983;
sukamoto et al., 1985). In contrast, in vitro studies for assessment
f drug precipitation potential are inexpensive and rapid. The study
esults can be helpful in screening early formulations in preparation
or preclinical studies and initial clinical trials. It is highly desirable
o develop effective and efficient in vitro precipitation screening
ssays that correlate with in vivo precipitation.

In recent years, in vitro drug precipitation assays for formulation
creening and development have become available. These assays
nable the assessment of drug precipitation potential for various
olubility-enhancing formulations. The aim of this article is to pro-
ide the reader with a brief review of such in vitro precipitation
creening assays for intravenous and oral formulations.

. Precipitation assays for intravenous formulations

.1. Introduction

Intravenous formulations by injection or infusion administra-
ion have been widely used due to their rapid and excellent
ioavailability. They typically require drugs to be solubilized in a

ow-viscosity aqueous solution. This may pose a great challenge
or poorly water-soluble drugs. In order to formulate drugs in an
njectable aqueous formulation, various solubilization techniques
re often used such as changing pH of an aqueous formulation,
nd using water-miscible cosolvents, complexing agents and sur-
actants (Liu, 2000; Strickley, 2004).

However, drugs solubilized by these techniques in intravenous
ormulations could be subject to precipitation when injected or
iluted with bloodstream (Pfeifle et al., 1981; Schroeder and
eLuca, 1974; Surakitbanharn et al., 1994). Formulation pH that

s adjusted to solubilize drugs in intravenous formulations may
hange upon dilution with bloodstream, thereby leading to a
educed drug aqueous solubility if drug solubility is pH-dependent.
lso concentrations of water-miscible cosolvents in intravenous

ormulations may drop quickly upon dilution and they are no longer
ble to maintain drug solubilized in formulations. Furthermore,
xtensive dilution of formulations in bloodstream may reduce sur-
actant concentrations below their critical micellar concentrations,
eading to a drug precipitation (Yalkowsky, 2000).

Drug precipitation after intravenous administration often
educes drug concentration in the aqueous phase, and will fur-
her decrease drug bioavailability if precipitates cannot redissolve
n vivo. A delayed drug efficacy can also occur if drug precipitates
re embedded into vein wall for slow redissolution. As a result, drug
recipitation can result in an uneven, delayed or reduced efficacy
Yalkowsky et al., 1998).

In addition to an altered bioavailability, drug precipitates in
he vein after intravenous administration of formulations lead to
evere phlebitis (Falchuk et al., 1985; Turco, 1975), or pulmonary
mbolism (Taniguchi et al., 1996, 1998). Such venous inflammation

ight be caused by mechanical abrasion when irregularly shaped

rug particles produced on precipitation scratch vein wall through
loodstream (Avis et al., 1986). It can be also resulted from chem-

cal irritation when drug precipitates become embedded into vein
all and, and cells are exposed to drug precipitates for extended
armaceutics 393 (2010) 1–16

period of time (Hecker et al., 1984). Both mechanical and chemical
irritation caused by drug precipitates within the vein is one of the
key factors in determining the duration and severity of undesirable
phlebitis (Schroeder and DeLuca, 1974; Turco, 1975). Therefore,
avoidance of drug precipitation is one of the most critical consid-
erations in intravenous formulation development.

Ideally, drug precipitation is evaluated in vivo after dosing of
intravenous formulations. Such attempts have been reported in the
literature. For example, Buck et al. (1985) infused bisantrene in 5%
dextrose formulations into the marginal ear vein of a rabbit, and
then examined drug precipitates in the excised ear vein (Powis and
Kovach, 1983). Using this in vivo method, they found bisantrene
precipitates both in the vein and embedded in the inner wall of
the vein. In addition to rabbit model, intravascular precipitation of
bisantrene in the arteriolar and capillary bed of calves was reported
after intravenous administration of formulations (Buck et al., 1985;
Kovach et al., 1985; Lieber et al., 1986; Tsukamoto et al., 1985).
Furthermore, Davio et al. (1991) infused ditekiren formulations
through indwelling catheters in the right internal jugular vein of
monkey and reported intravascular ditekiren precipitation in mon-
keys during a 30-day infusion study. These in vivo studies confirmed
qualitatively in vivo precipitation of the tested formulations in ani-
mal models. These assays only provide the direct observation and
qualitative measurement of drug precipitation in vivo after intra-
venous administration of formulations, and typically they are not
able to quantitate drug precipitates accurately. In addition, these
assays are labor extensive and time consuming. In contrast to the
inherent difficulty of performing in vivo studies, in vitro drug pre-
cipitation can be measured and quantitated. Several in vitro assays
have been developed to provide a simple, rapid and quantitative
measurement of drug precipitation for intravenous formulations.

2.2. Static precipitation assays

Static in vitro assays have been developed to evaluate drug pre-
cipitation of intravenous formulations upon dilution. The first drug
precipitation study for intravenous formulations was described by
Schroeder and DeLuca (1974). They mixed 10 mL of human plasma
with a varying amount of a diphenylhydantoin formulation solu-
tion at 1 mg/mL (from 0.157 mL to 1 mL), depending on the dilution
factors. The mixture was filtered through a 0.45 �m membrane and
the amount of the precipitates was quantitated by gravimetric anal-
ysis. In their studies they noticed drug precipitation immediately
once the formulation was diluted with human plasma. Also the
amount of diphenylhydantoin precipitates increased when dilution
ratio of plasma to drug formulation decreased. Similar approaches
have been also described to investigate in vitro precipitation of
intravenous formulations containing ditekiren (Greenfield et al.,
1991), aminosteroid antioxidant and phenytoin (Cox et al., 1991)
and diphenylhydantoin (Markowsky et al., 1991).

In addition to this one-step dilution assay, a static serial dilution
assay has been described to evaluate drug precipitation of intra-
venous formulation upon dilution (Alvarez-Nunez and Yalkowsky,
1999; Dannenfelser et al., 1996; Li et al., 1999, 1998). In the assay,
drug formulation is diluted in a one-to-one ratio with dilution
media such as normal saline or human plasma, and the mixture
is agitated for approximately 3 s. If no precipitate is found visually
after mixing, this mixture is further diluted with dilution media and
agitated. The dilution, agitation and evaluation of precipitation are
repeated ten times. The rate and the amount of precipitation are
either qualitatively examined by visual observation, or quantita-

tively determined by measuring the amount of precipitate in the
filtrate after a filtration step. This assay has been used to evalu-
ate in vitro precipitation of intravenous formulations of flavopiridol
(Dannenfelser et al., 1996; Li et al., 1999, 1998), phenytoin (Alvarez-
Nunez and Yalkowsky, 1999), and diazepam (Li et al., 1998). The
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Fig. 1. Dynamic in vitro apparatus for evaluating precipitation

tudy results suggest that this assay seems to be most effective in
uantifying the amount of precipitation and more descriptive of
he formation and redissolution of the precipitate than the other
tatic assays (Li et al., 1998).

Also, a dropwise addition assay has been reported (Li et al.,
998). Unlike the serial dilution assay that involves serial dilu-
ion of formulations with a dilution medium, this assay evaluates
he potential of a formulation to precipitate by a serial addition of
ormulations into a fixed volume of dilution medium. Typically a
ormulation is added sequentially to a testing dilution media (typ-
cal 1:10 dilution ratio). If no precipitate is found visually after

ixing, another aliquot of formulation is added. This procedure is
epeated until a precipitate is found visually. The dropwise addition
ssay can be also performed without agitation until a precipitate

ormed does not redissolve in 30 s. The potential of drug precip-
tation upon dilution is measured by the minimum volume ratio
f formulation to dilution media that would produce drug precip-
tates. Li et al. used the assay to measure the rate and the amount
f precipitation of flavopiridol and diazepam formulations. They

able 1
n vitro precipitation of twenty-one marketed intravenous products at different injection

Drug Phlebitis reported Average opacity ran

Prop2c Yesd 4.02
Prop1c Yesd 2.67
Valium Yes 1.70
Dilantin Yes 1.196
Cordarone Yes 0.315
Nafcillin Yes 0.186
Phytonadione Yes 0.027
Lidocaine Yes 0.019
Ciprofloxacin Yes 0.006
Acyclovir Yese 0.005
Ofloxacin Yes 0.003f

Dobutamine Yes 0.003f

Dopamine No 0.003f

Epinephrine No 0.003f

Atropine sulfate No 0.001
Bretylium tosylate No 0.001
Diltiazem No 0.001
Normal saline No 0.0008
Dextrose, 5% No 0.0
Furosemide No 0.0
Sterile water No 0.0

a All reports of phlebitis were obtained from the Physcians’ Desk Reference, except pro
ll injectables were prepared for testing according to the manufacturers’ instructions.
b The ISPB flow rate was 5 mL/min for all injections.
c Proprietary formulations.
d Company report.
e Arndt, K.A., 1988. J. Am. Acad. Dermatol. 18, 188–190.
f Designates delineating opacity value for determining phlebitic potential.

eproduced with permission (Johnson et al., 2003).
injection, reproduced with permission (Johnson et al., 2003).

found that this assay was rapid and simple mean of assessing the
potential of a formulation to precipitate upon dilution (Li et al.,
1998).

The static precipitation assays utilize simple mixing or dilu-
tion of drug formulations with testing media, and then examine or
measure amount of drug precipitates produced after dilution. The
assays provide a rapid and direct observation and measurement of
drug precipitation for intravenous formulations upon dilution. They
also enable to study drug precipitation at various dilution media
and dilution ratios. However, these assays are static, and may not
represent dynamic scenarios where intravenous formulations are
injected or infused continuously into the flowing bloodstream.

2.3. Dynamic precipitation assays
In order to simulate fluid dynamics at an injection site,
Yalkowsky et al. have developed a dynamic in vitro assay to
assess drug precipitation for intravenous formulation upon dilu-
tion (Fig. 1) (Johnson et al., 2003; Yalkowsky and Valvani, 1977;

rates.a.

ked Opacity by injection rateb

1 mL/min 5 mL/min 10 mL/min

4.26 4.31 3.48
4.43 1.67 1.91
0.67 2.1 2.35
1.87 1.05 0.67
0.24 0.32 0.39
0.020 0.22 0.32
0.000 0.030 0.060
0.010 0.020 0.030
0.0090 0.0067 0.0023
0.0035 0.0050 0.0056
0.0025 0.0035 0.0020
0.0044 0.0013 0.0019
0.0 0.0027 0.0054
0.0020 0.0029 0.0042
0.0019 0.0010 0.0014
0.0019 0.0010 0.0014
0.0 0.0023 0.0010
0.00040 0.00082 0.0013
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

prietary formulations and Acyclovir.
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Table 2
Formulation-diluent ratios which cause precipitation in four in vitro precipitation methods.

Formulations Formulation-diluent ratios which cause precipitation

Static serial dilution Dynamic injection Dropwise with stirring Dropwise without stirring

Flavopiridol 0.03 0.1 0.1 0.3
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Diazepam 0.03 0.1

eproduced with permission (Li et al., 1998).

alkowsky et al., 1983). A dilution medium is pumped through tub-
ng by a peristaltic pump to mimic in vivo dynamic scenario, while a
ested formulation is injected by a syringe pump into dilution media
t a specified rate. Amount of drug precipitates is quantitated tur-
idimeterically using a spectrophotometer. Similar dynamic in vitro
ssays have been also reported for evaluation of precipitation of
ntravenous formulations containing bropirimine (Irwin and Iqbal,
992), ditekiren (Davio et al., 1991) and phenytoin (Cox et al., 1991).

Using the dynamic assay, Yalkowsky et al. investigated pre-
ipitation of intravenous formulations containing amiodarone HCI
Ward and Yalkowsky, 1993a,c), phenytoin (Alvarez-Nunez and
alkowsky, 1999), flavopiridol (Li et al., 1998), diazepam (Li et al.,
998), and vancomycin (Johnson and Yalkowsky, 2006) at various
xperimental conditions. They were able to establish the corre-
ation of precipitation and the degree of dilution, and found that
he amount of drug precipitates was inversely proportional to the
njection rate. However, a study result with twenty-one marketed
ntravenous products indicates that the correlation of injection
ate with drug precipitation appears to be drug dependent; the
ormulations of Valium, Cordarone, Nafcillin, and Phytonadione
roduced less precipitates at a lower injection rate, while for intra-
enous formulations of Dobutamine and Dilantin, the opposite
rend was observed (Table 1) (Johnson et al., 2003). How the injec-
ion rate influences drug precipitation is not well-understood yet.
ne hypothesis is that entire injected dose exhibits a plug-like
ehavior if the injection rate of formulations is higher than that of
ilution flow. Therefore, precipitation occurs mostly at the edges
f the plug, and the center of the plug remains relatively precipita-
ion free upon dilution (Ward and Yalkowsky, 1993c; Yalkowsky et
l., 1998). In contrast, for some formulations a slow injection into a
onstant flowing bloodstream may produce a rapid dilution. There
ay not be sufficient time for nucleation before the drug becomes

oluble (Johnson et al., 2003).

.4. Static vs. dynamic precipitation assays

One of the approaches to evaluate static and dynamic precip-
tation assays is to compare drug precipitation results from both
ssays. Alvarez et al. measured precipitates of diphenylhydantoin
ormulations upon dilution with isotonic Sorenson’s phosphate
uffer using both static and dynamic assays. They found that drug
recipitation results from both assays were comparable (Alvarez-
unez and Yalkowsky, 1999). Li et al. also reported the similar
onclusion for flavopiridol and diazepam formulations. They mea-
ured drug precipitation using four precipitation methods (static
erial dilution, dynamic injection, dropwise addition stirring, and
ithout stirring). The precipitation for flavopiridol and diazepam

ormulations followed similar trends in all methods and four in vitro
ethods were comparable and complementary (Table 2) (Li et al.,

998).
However, other studies showed that dynamic precipitation
ssays generated different results compared with static assays. Cox
t al. (1991) examined precipitation of a 21-aminosteroid antiox-
dant using both static and dynamic assays. They found that all
iquid clear formulations of tested compounds showed minimal
recipitates in the static assay, but produced a significant amount
0.07 0.19

of drug precipitates in the dynamic assay. Whether drug precipita-
tion pattern is comparable from static and dynamic assays may be
dependent on the specific drugs or formulations.

Another approach to evaluate static and dynamic assays is to
compare their in vitro/in vivo correlations. Davio et al. (1991)
studied in vivo precipitation of ditekiren formulation in a 14-day
infusion study in the cynomolgus monkeys. They found that pre-
cipitation results from the dynamic injection assay, but not static
assay, correlated with in vivo precipitation results in monkeys. The
intravenous formulations that did not show precipitation in the
static assay did produce significant drug emboli in the heart and
lungs of the monkeys. Their results were in agreement with the
precipitation study of ditekren formulations by others (Greenfield
et al., 1991). These studies suggest that the dynamic assays seem
to be more predictive of in vivo precipitation than the static assays.

In addition to direct measurement of drug precipitates in vivo,
phlebitis has been used as an indicator of in vivo drug precipita-
tion to evaluate the predictive in vivo performance of precipitation
assays. Yalkowsky et al. studied precipitation of amiodarone formu-
lations by the dynamic assay, and then examined in vivo phlebitis
and hemolysis in rabbits after intravenous dosing of formulations
(Ward and Yalkowsky, 1993a,b,c; White and Yalkowsky, 1991).
Their results showed that drug precipitation at different injection
rates determined by the dynamic assay was in agreement with in
vivo observation of phlebitis (Yalkowsky et al., 1998). Furthermore,
validation studies of the dynamic assay using twenty-one marketed
intravenous products suggested that the in vitro drug precipitation
results from the dynamic assay correlated with literature reports
on phlebitis occurrence caused by in vivo drug precipitation. These
study results support the possibility of using the dynamic assay for
predicting in vivo drug precipitation, and potential phlebitis caused
by drug precipitates (Johnson et al., 2003).

The results of in vitro/in vivo correlation study seem to agree
that dynamic assays give results that are more meaningful and
correlate better with in vivo data than static assays. Nevertheless,
the simulation in the dynamic assays is far away from the compli-
cated scenarios in vivo, and very importantly, evaluation of static
and dynamic assays is often conducted with a few model drugs.
The conclusions need rigorous validations using considerably large
number of drugs in different intravenous formulations. Further-
more, if phlebitis is used as an indicator of in vivo drug precipitation
to evaluate in vivo predictive performance of the precipitation
assays, it is important that occurrence and degree of phlebitis be
quantitated accurately, which could be a challenge with current
techniques available.

In addition, the static and dynamic precipitation assays
described in the literature usually measure drug precipitates visu-
ally or turbidimeterically. Visual observation of drug precipitation
is subjective, whereas turbidimeterical measurement of opacity is
a crude measure of drug precipitation; therefore these assays are
often semiquantitative. Furthermore, opacity measurement in tur-

bidimeterical methods is based on particles or light scattering, and
any factors that result in turbidity or light scattering could interfere
with data. Thereby these assays provide a quick evaluation of drug
precipitation, but there is a lack of specificity for the compound
of interest. The quantitative measurement of drug concentration
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sing HPLC-UV can address this issue but would also increase the
ime required for each measurement.

It should also be noted that the in vitro precipitation assays
or intravenous formulations typically focus on the measurement
f the extent of drug precipitation and treat precipitates as non-
issolvable. The in vitro precipitation studies usually do not provide
urther investigation of solid state properties of precipitated mate-
ials. However, drug precipitates may redissolve in the blood
tream, depending on chemical natures and solid state properties
f drug precipitates such as amorphous or polymorphic form, and
article size. It would be important to further investigate solid state
roperties of such precipitated materials using in vitro precipitation
ssays to gain understanding of the nature of drug precipitates and
echanism of precipitation.

. Precipitation assays for oral formulations

.1. Introduction

Oral dosage formulations are often used in commercial products
ue to patient convenience, good stability, and low cost. They can
e the form of liquid, semi-solid, and solid. Drugs formulated in
ral formulations may precipitate in vivo when the formulations
re extensively diluted by gastrointestinal tract fluid, or subject
o a pH change in the gastrointestinal tract. For example, an oral
ormulation containing a solubility-dependent basic drug may dis-
olve completely in the stomach, but drug would precipitate in the
ntestine due to a sharp pH increase which leads to a low aqueous
rug solubility (Kostewicz et al., 2004).

Drug precipitation is one of the several dominant factors lead-
ng to low oral bioavailability of poorly water-soluble compounds
Hoener and Benet, 2002). Such insufficient bioavailability of these
ompounds may result in delays in development or cause them
o be dropped from the pipeline (Prentis et al., 1988). As a result,
voidance of drug precipitation is one of the most important
onsiderations for oral formulation screening and development
Pouton, 2000). Since it has been a significant technical challenge
o develop an in vivo assay that enable to observe and quantitate
rug precipitation in the gastrointestinal tract after oral dosing,
rug precipitation potential for oral formulations is often evaluated
sing in vitro assays.

.2. USP dissolution methods with a basket (USP I) or a paddle
USP II)

Drug dissolution/precipitation in oral formulations is often
valuated using USP I or II dissolution methods. Typically, oral for-
ulation solutions or solids (tablets or capsules) are introduced

nto a USP bath maintained at 37 ◦C. An appropriate testing medium
n the bath is stirred with a basket or a paddle under a selected stir-
ing rate. Drug concentration with time, a measurement of drug
issolution/precipitation, is measured by a UV or HPLC method.

USP I/II dissolution methods have been extensively used to
tudy drug dissolution/precipitation of oral formulations under dif-
erent testing parameters and conditions including testing media
Corrigan et al., 2003; Galia et al., 1998; Nicolaides et al., 1999;
tippler et al., 2004; Tang et al., 2001), stirring rate (Carvalho-Silva
t al., 2004; Qureshi, 2004, 2006; Rost and Quist, 2003), and hydro-
ynamics in the bath (Bai and Armenante, 2008; Bai et al., 2007;
axter et al., 2005; Kukura et al., 2004; Mirza et al., 2005). The
orrelation between in vitro dissolution/precipitation and in vivo

bsorption results has been reported in the literature. In addition,
SP dissolution methods have demonstrated excellent robustness
s quality control methods, and the dissolution testing has become
ne of the most important FDA required in vitro tests for oral for-
ulation screening and development (Shah, 2005; Uppoor, 2001).
armaceutics 393 (2010) 1–16 5

Although pH and media composition in USP I/II dissolution
methods can be adjusted by adding or exchanging buffers, for
routine testing the fixed pH and media are usually used in these
methods. In contrast, drug dosage after oral dosing is exposed to
a varying dissolution environment in the gastrointestinal track.
Drugs with pH-dependent solubility may undergo dissolution,
precipitation, and redissolution processes throughout the gastroin-
testinal tract because of the dramatic changes in solubility as pH
changes. For example, a weak base with poor intrinsic solubil-
ity may dissolve completely in the stomach but precipitate in the
intestine (Kostewicz et al., 2004). Such precipitation may not be
obvious in the typical USP I/II dissolution methods at a constant pH
level unless additional buffers are added to change pH and media
composition during testing.

3.3. USP dissolution methods with flow-through cells (FTC)

In order to simulate more closely the pH gradient in the gas-
trointestinal tract, a USP dissolution method using FTC has been
developed to evaluate drug dissolution/precipitation for oral solid
dosage forms. A tablet is typically horizontally positioned in the
sample holders in the cells. A dissolution medium at 37 ◦C flows
through the cells. The pH and composition of the testing medium
can be changed to more closely mimic scenarios in the gastroin-
testinal tract during each run. Precipitation is evaluated by drug
concentration assayed by a UV spectrophotometer.

USP dissolution FTC methods have been used to evaluate drug
dissolution/precipitation of various oral solid dosage forms (Emara
et al., 2000; Moeller and Wirbitzki, 1990, 1993; Nicklasson et al.,
1987; Perng et al., 2003; Phillips et al., 1989; Qureshi et al., 1994;
Sunesen et al., 2005; Wennergren et al., 1989). Compared with USP
I/II dissolution methods, FTC methods have the advantage of allow-
ing a change in the dissolution medium during each run, which
allows for better simulation of the pH gradient and fluids asso-
ciated with transit throughout the gastrointestinal tract (Thoma
and Ziegler, 1998). Also, they simulate in vivo hydrodynamics more
closely than the USP I/II dissolution methods (Perng et al., 2003;
Qureshi et al., 1994), and demonstrate good in vitro/in vivo corre-
lations (Derendorf et al., 1983; Ikegami et al., 2003; Qureshi et al.,
1994; Sunesen et al., 2005). Another advantage is that FTC meth-
ods at low flow rates are more sensitive to detect differences in
the disintegration properties than other USP dissolution methods
(Wennergren et al., 1989). Furthermore, they require relatively
smaller sample holdup volume.

3.4. Modified USP dissolution methods with multicompartments

In order to specifically evaluate drug precipitation of oral solid
dosage formulations, modified USP dissolution methods with mul-
ticompartments have been reported. Unlike the conventional USP
methods with only one compartment, the modified methods fea-
ture multiple compartments that aim to more closely mimic
different regions in the gastrointestinal tract. One of the methods,
described by Kostewicz et al. (2004) contains two compartments
that simulate stomach and intestine, respectively. To simulate the
transfer from the stomach into the intestine, a drug solution in
simulated gastric fluid compartment is continuously pumped into
a simulated intestinal fluid compartment, and drug precipitation
in the acceptor medium is evaluated via concentration–time mea-
surement (Fig. 2).

Using this two-compartment model, Kostewicz et al. examined

the in vitro precipitation of three poorly soluble weakly basic drugs,
dipyridamole and two NMEs (BIBU 104 XX and BIMT 17 BS). They
found that all three formulations had a potential of drug precip-
itation with time in the acceptor medium. Since the solubility of
dipyridamole, BIMT 17 BS and BIBU 104 XX in fed state simulated
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Fig. 2. Two-compartment model for evaluation of drug precipitation. An appropri-
ate amount of drug powder was completely dissolved in SFGfast (donor phase). A
peristaltic pump was used to transfer the donor phase into a dissolution vessel con-
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absorption of poorly water-soluble compounds. These formula-
aining 500 mL of either FaSSIF or FeSSIF as the acceptor phase. The acceptor phase
edia was maintained at 37 ± 0.5 ◦C, reproduced with permission (Kostewicz et al.,

004).

ntestinal fluid (FeSSIF) was much higher than those in fasted state
imulated intestinal fluid (FaSSIF), drug precipitation was highly
ependent on the testing media; precipitations occurred for all
hree compounds in FaSSIF, whereas no drug precipitation was
ound in FeSSIF (Fig. 3). The study results suggest that this assay
an be used to specifically evaluate and predict the precipitation
rofiles of the tested drugs at various conditions, and has a reason-
ble prediction of in vivo behavior of the tested poorly soluble weak
asic compounds (Kostewicz et al., 2004).

In addition to the two-compartment model, a multicompart-
ent model has been reported (Gu et al., 2005). The model contains
compartments. “Gastric”, “intestinal” and “absorption” com-

artments simulate stomach conditions, intestinal conditions, and
bsorption, respectively, and the fourth compartment serves as a
eservoir. All compartment are maintained at 37 ◦C in a water bath,
nd pH in the compartment is controlled by a pH stat. Gu et al. used
his 4-compartment USP method to examine the effect of gastric pH
n drug precipitation and possible in vivo exposure of two poorly
oluble weak basic drugs, dipyridamol and cinnarizine. Their study
esults demonstrate that this method is able to predict drug precip-
tation potential in the simulated intestinal media (Fig. 4), and has
reasonable correlation with in vivo exposure of the tested drugs

Gu et al., 2005).
The multicompartmental USP dissolution methods exhibit

dvantages over the single compartmental methods. They not only
llow directly evaluating drug precipitation behavior, determining
he contribution of dissolution and precipitation as a possible cause
or low oral absorption, but also enable estimating the precipitation
otential to diagnose whether precipitation is the leading contrib-
tor to such a poor bioavailability (Gu et al., 2005). Also, using
ulticompartments to more closely simulate in vivo scenarios, the
ethods provide more realistic prediction of precipitation of com-

ounds in the gastrointestinal tract (Gu et al., 2005; Kostewicz et
l., 2004). Furthermore, they are more efficient than conventional
issolution methods. For example, in order to study precipitation
f a poorly water-soluble weak basic compound in stomach and
ntestine, two dissolution tests with different dissolution media
re needed with a conventional USP method, whereas the mul-
icompartmental methods enable to estimate drug precipitation
otential in one study (Kostewicz et al., 2004; Gu et al., 2005).
These modified USP methods utilize multicompartments to
ore closely simulate in vivo scenarios. However, drug dissolu-

ion, precipitation and absorption in vivo is far more complicated,
nd not well understood yet. For example, drug precipitation in
Fig. 3. Measured dipyridamole concentration in FaSSIF (n = 3 + s.d.) and FeSSIF
(n = 1) using a paddle speed of 75 rev min−1 at transfer rate, (a) 0.5 mL min−1, (b)
4 mL min−1, reproduced and adapted with permission (Kostewicz et al., 2004).
**Solubility data is adapted with permission (Kostewicz et al., 2002).

vivo is influenced by many critical factors such as hydrodynamics,
gastrointestinal fluid composition and pH, and empting rate. The
modified USP methods need further improvement by incorporating
these factors for better prediction of in vivo performance. Another
limitation is that drug precipitation is often evaluated without con-
sidering the absorption of drug. If a drug is absorbed fast, or drug
precipitates observed in these modified USP methods redissolve
in the gastrointestinal tract and reabsorbed, such methods would
overestimate drug precipitation potential.

3.5. Lipolysis assay for lipid-based formulations

In recent years lipid-based formulations have been receiv-
ing considerable interests for enhancing solubility and improving
tions typically contain lipid-based oils, surfactants, and hydrophilic
surfactants. Unlike conventional formulations in which a drug usu-
ally dissolves in the aqueous media upon dilution, lipid-based
formulations usually form a water-immiscible oily solution upon
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ig. 4. Amount of dipyridamole dissolved in the “intestinal” compartment during
issolution at different pHs (50 mg), reproduced and adapted with permission (Gu
t al., 2005).

ilution. The oily solution could have a large size of oil droplets that
ould be treated as insoluble drug precipitates if conventional pre-

ipitation assays are used. Lipids in the formulations, however, can
e digested in the intestine. Subsequent to lipolysis their digested
roducts of lipids can interact with endogenous solubilizing species

ncluding bile salts, phospholipids and cholesterol mixed micelles
o form a colloidal species for solubilization of drugs, thereby in
ivo drug precipitation would not occur. On the other hand, some
ipid-based formulations are able to solubilize hydrophobic drugs
nd do not produce any drug precipitates in conventional precip-
tation assays. If the dietary lipids in the lipid-based formulations,
owever, are digested and dispersed in the gastrointestinal tract,

ipids may lose solubilization capability after lipolysis process, lead-
ng to drug precipitation in vivo (Kaukonen et al., 2004a,b; Porter et
l., 2004a,b). As a result, conventional precipitation assays based on
article size of the dispersion may not be appropriate for predicting

n vivo precipitation of a lipid-based formulation because solubi-
ization status of drug in such formulations will vary as a function
f time and the simultaneous lipid-digestion process in vivo.

Recognizing that lipid digestibility is an essential determinant
f drug solubilization/precipitation after oral dosing of lipid-based
ormulations, in vitro lipid lipolysis assays that are more reflective
f the gastrointestinal environment have been developed to bet-
er predict in vivo drug solubilization/precipitation of lipid-based
ormulations (Christensen et al., 2004; Dahan and Hoffman, 2006,
007; MacGregor et al., 1997; Porter et al., 2004a,b; Reymond and
ucker, 1988; Sek et al., 2002; Zangenberg et al., 2001a,b).

Fig. 5 shows a typical in vitro lipolysis assay (Porter et al.,
007). Lipolysis experiments are conducted in a dissolution ves-
el with a digestion medium containing bile salts, phospholipids,
nd dietary lipids. After a formulation is well-dispersed in the
edium, lipase/co-lipase enzymes are added into the medium.

ubsequent to lipolysis, pH of the medium is maintained by a
omputer-controlled pump. The medium is withdrawn at pre-set
ime interval. After centrifugation, samples are separated into three
hases, an aqueous phase containing dissolved drugs along with

ipolysis products, a lipid phase containing drug remaining in the
ipid, and the sediment containing insoluble drug precipitates. The
n vitro lipolysis assays control temperature, enzymes, and pH to

imulate in vivo conditions and the precipitated drug can be quan-
ified by analyzing the pellet in sediments during centrifugation
Christensen et al., 2004; Cuine Jean et al., 2008; Cuine et al., 2007).

In vitro lipolysis assays have been becoming well-accepted
ools in assessing drug solubilization and precipitation for lipid-
armaceutics 393 (2010) 1–16 7

based formulations. Considerable studies have been conducted on
lipid formulations with different fatty acid chain lengths and the
degrees of unsaturation, and the different lipid classes. The study
results have been well summarized in excellent reviews (Dahan and
Hoffman, 2008; Dressman et al., 2007; Fatouros and Mullertz, 2007,
2008; Grove and Mullertz, 2007; Hauss, 2007; Jannin et al., 2008;
Mullertz, 2007; Porter and Charman, 2001; Porter et al., 2008a,b,
2007; Pouton, 1999, 2000; Pouton and Porter, 2008; Sek, 2007;
Vasanthavada and Serajuddin, 2007).

In vitro/in vivo correlation of lipolysis assays for lipid formula-
tions has been reported. Porter et al. used the lipolysis assay to
assess solubilization/precipitation of several lipid-based formula-
tions of danazol and compared their in vitro precipitation profiles
with bioavailability in beagle dog studies (Cuine Jean et al., 2008;
Cuine et al., 2007; Porter et al., 2004b). They found that less precip-
itation formulations in the lipolysis assay had significantly higher
oral absorption than those with significant in vitro drug precip-
itation. A rank-order correlation was also observed between the
patterns of solubilization/precipitation obtained in the in vitro
lipolysis assays and oral bioavailability for the tested lipid-based
danazol formulations. Similar in vitro/in vivo correlation of lipolysis
assays has been also reported for several lipid-based formula-
tions of drugs such as atovaquone (Sek et al., 2006), halofantrine
base (Porter et al., 2004b), progesterone and vitamin D3 (Dahan
and Hoffman, 2006), dexamethasone and griseofulvin (Dahan and
Hoffman, 2007). These studies demonstrate the potential utility
of in vitro lipolysis assays in assessing and ranking order in vivo
performance of lipid-based formulations.

Despite the reasonable in vitro/in vivo correlation reported in
the literature, these study results are obtained with a small num-
ber of model drugs and lipid formulations. It would be desirable
to test a variety of drugs, and considerably larger number of lipid
formulations with different lipid classes, fatty acid chain lengths
and the degrees of unsaturation (Porter et al., 2008a). In addition,
when lymphatic transport is a significant route of absorption, the
in vitro lipolysis data may not correlate well with in vivo absorption
(Dahan and Hoffman, 2006).

4. High-throughput/miniaturized precipitation assays

4.1. Introduction

In vitro assays have been developed to evaluate drug precipita-
tion for intravenous and oral formulations. However, these assays
are usually in bench-scale and running in batch mode. They are typ-
ically time consuming and labor intensive, and require relatively
large quantities of materials. Often, the number and type of formu-
lations that can be tested is limited by availability of compounds,
particularly for lead compounds in discovery and early develop-
ment. Another concern is the high media cost when biorelevant
media with high levels of bile salt and egg phosphatidylcholine are
used for oral formulation testing (Dressman et al., 1998; Galia et
al., 1998; Vertzoni et al., 2004).

In recent years, in vitro precipitation screening assays that are
rapid, inexpensive, minimally labor intensive, and require only
small quantities of a compound have become available. This review
focuses on such assays that allow rapidly evaluating drug precipi-
tation with limited quantities of compounds and small volumes of
testing media.
4.2. SFinX , AquanSFinX and Fast platforms

Three high-throughput formulation screening platforms
(SFinXTM, AquanSFinXTM and FastTM) have been developed at
TransForm Pharmaceuticals (Lexington, MA) to rapidly evaluate
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Fig. 5. Lipid-digestion model for in vitro assessment of lipid

rug precipitation or solubilization using small amounts of com-
ounds (Gardner, 2005; Gardner et al., 2004a,b). In the screening
latforms, excipients are dispensed into each well of 96- or
84-well plates by liquid-handling systems, whereas drugs are

ntroduced to each well of the well plates as a solid or as a solu-
ion. The plates with drug formulations are incubated at defined
emperatures for a specified period of time. Drug precipitation
r solubilization in the tested formulations is determined and
ank-ordered by optical imaging techniques or various spectro-
copic methods. FastTM is designed mainly for evaluating drug
recipitation/solubilization for intravenous formulations, whereas
FinXTM/AquanSFinXTM are for oral formulations.

These high-throughput screening platforms have been used to
valuate drug precipitation/solubilization in the development of
olubility-enhancing formulations for poorly water-soluble com-
ounds. For example, in order to identify a Cremophor El-free
aclitaxel formulation for intravenous administration Chen et al.

sed FastTM platform to screen drug precipitation profiles of a
otal of about 9880 combinations of 12 excipients. Through exten-
ive screening, the lead Cremophor El-free formulation dissolved
t least 6 mg/mL paclitaxel in its concentrated state, and was able
o keep paclitaxel in solution at 1.3 mg/mL for 48 h upon dilution
ulations, reproduced with permission (Porter et al., 2007).

of the concentrate into normal saline. It was also well tolerated
in rat studies (Chen et al., 2003). In a separate study, they used
FastTM platform to evaluate propofol precipitation profiles of about
8000 formulations, and developed an intravenous lipid-free for-
mulation of propofol that improved stability and antimicrobial
activity over the marketed product (Chen et al., 2005). In addi-
tion to intravenous formulations, the platforms have been used
to evaluate drug precipitation or solubilization of oral dosage for-
mulations to improve solubility and oral bioavailability of poorly
water-soluble drugs such as celecoxib (Guzman et al., 2007) and
fenofibrate (Ratanabanangkoon et al., 2008). The study results
demonstrate the feasibility of these high-throughput assays that
enable to rapidly screen drug precipitation or solubilization to
improve the quality of drug formulations or identify alternative
formulations that are superior to existing products (Gardner et al.,
2004b).

These fully automated and integrated screening platforms

enable a rapid screening of drug precipitation of a considerably
large number of formulations. SFinXTM and FastTM can screen
∼2500 and 4000–5000 formulations per platform per day, respec-
tively (Gardner et al., 2004a). A potential technical challenge to
apply theses assays is to screen drug precipitation in highly viscous,
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Fig. 6. Schematic diagram illustrating formulations screening

emi-solid, and solid excipients because of the technical difficulty
f dispensing and mixing those excipients. In some cases, a heat-
ng and/or special dispensing system for viscous excipients may be
equired (Alsenz and Kansy, 2007), which would further increase
he complexity and cost of these screening assays. Thereby these
creening platforms are well suited for rapid screen of drug precip-
tation in low-viscosity formulation vehicles unless special heating
nd dispensing system for viscous excipients are developed and
ncorporated into the platforms.

.3. Microscreening precipitation assay

To avoid the difficulty of dispensing, heating, and mixing vis-
ous, semi-solid, and solid excipients, Dai et al. (2008a,b, 2007a,b)
ave developed an in vitro microscreening precipitation assay that
ses a 96-well microtiter plate to evaluate drug precipitation kinet-

cs of formulations with milligram quantities of compounds and
illiliter volumes of biorelevant media (Mansky et al., 2007).

Fig. 6 illustrates the process flow of the microscreening precip-

tation assay (Dai et al., 2007a). Compound and excipients are first
issolved separately in selected solvents such as n-propanol. The
olutions are then dispensed into each well of a 96-well microtiter
late by a TECAN robot according to experimental design. After

Table 3
In vitro precipitation 96-well plate map.

The first letter with a digit identifies the formulation. The digits between two dashes in
(h). Therefore, F1-250-1 denotes Formulation 1 at a 250-fold dilution for 1 h of incubatio
Reproduced with permission (Dai et al., 2007b).
ss workflow, reproduced with permission (Dai et al., 2007a).

mixing, the 96-well microtiter plate with solutions is placed in
a centrifugal vacuum evaporator to remove solvent, which typi-
cally leaves neat formulation with 10–40 �g compound and 0.4 mg
excipient at the bottom of each well. Milliliter volume of biorele-
vant (SIF, FaSSIF, or FeSSIF, depending on experimental design) is
added to each well of the plate, leading to an approximately 250-
fold or 500-fold dilution of excipient. The plates are incubated at
room temperature for drug precipitation. At preset desirable time
intervals, the diluted formulations are then filtered through a 96-
well plate filter under the vacuum, and kinetic drug precipitation
profiles are obtained by measuring compound concentration in the
filtrate using UV plate readers or HPLC analysis.

A typical precipitation plate map is showed in Table 3. With
one 96-well microtiter plate, the precipitation kinetics profiles of
six formulations can be evaluated with duplicate measurements
at four preset incubation time points and two dilution factors (for
example, 250-fold and 500-fold). A typical experiment begins with
a rational design of experiments process template. Once the exper-

imental design is complete, TECAN robot follows specific programs
(written using Gemini software) to carry out the experiments.

Dai et al. (2007a,b) have used the microscreening precipita-
tion assay to evaluate drug precipitation of micelle formulations,
self-emulsifying formulations (Mansky et al., 2007), solid solu-

dicate dilution factor and the last one or two digits represent the incubation time
n time.
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Fig. 7. In vitro precipitation kinetics of three formulations containing JNJ-25894934
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ion/solid dispersion, and complexation formulations (Dai et al.,
008a,b). They found that the precipitation kinetics of formula-
ions in the initial hours measured by the microscreening assay
orrelated to those determined by the conventional USP method
n all three biorelevent media (SIF, FeSSIF and FaSSIF). The phar-

acokinetic (PK) results in rat (Dai et al., 2007a) and dog (Dai et
l., 2007b) studies showed that no-precipitation formulations in
he microscreening testing had a significantly improved bioavail-
bility compared with those which exhibited drug precipitation in
he in vitro assay. In particular, the assay is useful in assessing pre-
ipitation potential of weak basic drugs that are solubilized in the
cidic gastric fluid and are very likely to precipitate after the solu-
ion empties from the stomach into the small intestine (Dai et al.,
008b).

In order to further investigate the in vitro/in vivo correlation of
he microsscreening assay, Dai et al. (2007b) first identified three
ormulations that showed distinct precipitation kinetics (fast pre-
ipitation, slow precipitation, and no precipitation) in SIF for a
oorly water-soluble compound (Fig. 7). They then measured the in
itro precipitation profiles of these three formulations in SIF, FaS-
IF, and FeSSIF, and compared the precipitation profiles with in vivo
bsorption at the fasted and fed states in canine PK studies. The PK
esults showed that the fast-precipitation formulation in the micro-
creening assay had the lowest oral bioavailability (Table 4), and the
n vitro precipitation profile in FeSSIF correlated with absorption in
ivo in canine PK study (Fig. 8). The results demonstrate the poten-
ial of the microscreening precipitation assay as a predictor of in
ivo performance.

The microscreening precipitation assay has several advantages.
his assay can be used to directly evaluate drug precipitation after
he formulation is diluted with an aqueous medium. Drug precip-
tation potential can be assessed under various conditions such as
esting biomedia containing different compositions and pH, dilu-
ion ratios, and stirring conditions.

In addition, unlike other assays that require dispensing solid
ompounds and neat pharmaceutical excipients, the microscreen-
ng assay uses solvent-casting approach to avoid the use of
xpensive powder-dispenser and the difficulty of handling viscous,
emisolid, and solid excipients as well. The assay thus simplifies the
quipment and procedures, and can be adapted in the labs without
significant capital investment. This assay is suitable for liquid and
iscous, semi-solid and solid formulations, an advantage over the
recipitation assays that only work low-viscosity pharmaceutical
ehicles due to their limited dispensing capability.

Other advantages of the microscreening assay over existing

anual methods are amount samples required, speed and scope.

olvent casting allows accurately dispensing and mixing small
uantities of drug and excipients, thereby bringing an advantage

n screening precipitation for a new molecular entity with limited
vailability. Also use 96-well plate format in parallel processing

able 4
ummary of dog pharmacokinetic studies of the compound following iv dosing and oral d

Formulation Feed state AUC0-∞/dose (ng h kg/mL/mg)a % BAb

IV Fasted 4486.9 ± 682.6d 100

Fast precipitation Fasted 1060.8 ± 122.3 27.0 ±
Fed 2572.7 ± 730.2 57.2 ±

Slow precipitation Fasted 1809.0 ± 454.8 40.4 ±
Fed 2831.5 ± 646.4 63.1 ±

No precipitation Fasted 1704.9 ± 655.6 38.1 ±
Fed 2938.5 ± 775.8 65.7 ±

a For all three formulations, oral dosing at 3 mg/kg (n = 5).
b % BA relative to iv dosing.
c BA ratio (fed/Fasted) in each animal was first calculated. Overall BA ratio (fed/fasted)
d iv dose corrected to 3 mg/kg (n = 5). Reproduced with permission (Dai et al., 2007b).
in (a) SIF, (b) FaSSIF, and (c) FeSSIF identified by the precipitation screening method.
Error bars represent standard deviations of four measurements, reproduced with
permission (Dai et al., 2007b).
produces an acceptable sample throughput. Moreover, the micro-
screening assay is applicable to evaluate drug precipitation of
various formulations such as micelle, microemulsion, lipid and
supersaturatable lipid formulation, complexation, and solid solu-

osing of all three formulations.

Cmax/dose (ng kg/mL/mg)a Tmax (h) BA ratioc (fed/fasted)

3338.0 ± 514.8c 0.0 ± 0.0 NA

7.5 125.6 ± 30.5 3.0 ± 2.0 2.3 ± 0.8
13.7 288.5 ± 105.1 2.2 ± 1.1

8.8 229.1 ± 63.9 2.4 ± 0.9 1.6 ± 0.1
11.5 366.9 ± 155.8 1.8 ± 1.3

14.4 238.7 ± 148.4 2.8 ± 1.1 1.8 ± 0.3
16.1 332.7 ± 108.0 2.2 ± 2.2

was the average of individual BA ratio (fed/fasted) in 5 animals.
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5894934 was calculated from the initial 4-h time point of the precipitation profi
lasma concentration of compound vs. time profiles up to 4 h in the dog PK studies

ion/solid dispersion using small quantities of compounds (Dai et
l., 2008b), something that would be difficult to do manually.

Despite some advantages, solvent casting could bring a con-
ern that drug may change its polymorph in the excipient matrix
fter solvent removal. In addition, like any other in vitro precip-
tation assays described above, the microscreening precipitation

ssay focuses on measurement of drug precipitates upon dilution
nd does not consider drug absorption. For example, drug precipi-
ates observed in the microscreening assay could redissolve in the
astrointestinal tract and reabsorbed in body. Furthermore, the
otential of drug precipitation would be reduced significantly if
ogs. In vitro precipitation AUC (�g h/mL) of all three formulations containing JNJ-
-vivo oral absorption AUC0-4 (ng h kg/mL mg) was calculated from the individual
duced with permission (Dai et al., 2007b).

drug is absorbed fast in vivo. As a result, the assay could overesti-
mate the potential of drug precipitation in vivo without taking drug
absorption into account. Further method improvement needs take
these considerations.

4.4. Other assays
A number of high-throughput/miniaturized assays have been
developed to screen or measure drug solubility in pharmaceutical
vehicles, particularly for compound screening during drug discov-
ery and preclinical study (Alsenz and Kansy, 2007). These solubility
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Fig. 9. Schematic diagram illustrating the partially automated solubility screening. (PASS) process. Crystalline compound suspended in heptane or amorphous compound
d d in a SpeedVac. Forty to eighty microliters of solvent and a stir bar are added, wells are
c ir bars and centrifugation, residual solid in the supernatant is removed by centrifugation
t pH of the filtrate is determined and residual solid is analyzed by microscopic inspection,
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Fig. 10. Schematic representation of the experimental procedure of the solubility
and residual solid screening (SORESOS) assay. Experiments are performed in 96-well
MultiScreen\Solubility Filter Plates (b) sealed with an ELASi septum sheet (a, top)
an adhesive aluminum foil (c, bottom). Drug-vehicle slurries are mixed by head-
issolved in a solvent is dispensed into microtiter plates and the vehicle is remove
apped, and probes are stirred for 24 h at room temperature. After removal of the st
hrough syringe filters. Compound in the filtrate is quantified by UPLC analysis, the
eproduced with permission (Alsenz et al., 2007).

creening assays can be potentially applicable to evaluating drug
recipitation in the pharmaceutical vehicles. For example, Alsenz et
l. (2007) have reported a partially automated solubility screening
PASS) assay for screening drug solubility in liquid pharmaceutical
ehicles (Fig. 9). In the assay, drug is first dissolved or dispersed
n heptane at 25 mg/mL, and the solution or suspension is then
ispensed into 96-well plates using pipettes. Following removal
f heptane by a vacuum centrifuge, liquid pharmaceutical vehicles
re added into the 96-well plate. After 24-h incubation, the solu-
ion is filtered, and drug solubility or precipitation in the testing
ehicles is determined via concentration quantified by UV-ultra
erformance liquid chromatography analysis. Using PASS assay,
lsenz et al. screened solubilization of 42 compounds in 18 different
harmaceutical acceptable vehicles. With a robotic liquid-handling
ystem, they achieved a throughput of 45 samples per hour and
600 solubility measurements per week.

In addition to high-throughput feature, some assays allow
or the simultaneous, small-scale screening of drug solubiliza-
ion/precipitation and detection of drug solid or precipitate forms
nd crystallinity in excipients in a single assay, and therefore,
hey enables to investigate correlation of drug solubility with
olid-state properties of drug precipitate in a high-throughput
orkflow (Seadeek et al., 2007; Sugano et al., 2006; Wyttenbach
t al., 2007). In these assays, a compound and a liquid pharma-
eutical vehicle are dispensed into a 96-well filter plate. After
ixing drug-vehicle slurries for a period of time, residual drug

recipitate or solid is separated from saturated solutions by cen-
rifugation of filter plate (Fig. 10). The drug solids in the plate are

over-head rotation in the presence of stirring bars, seals are removed, and filtration
is performed by centrifugation. Filtrates are collected in a 96-well polypropylene
plate (e). After filtration, the plate is sealed by adhesive acetate foil (f), the underdrain
support (d) of the filter plate is removed, and residual solid on the filter (g) of the
plate is directly analyzed by HT transmission XRPD with vertical beam geometry
(dashed line), reproduced with permission (Wyttenbach et al., 2007).
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irectly analyzed by X-ray powder diffraction (XRPD) (Seadeek
t al., 2007; Wyttenbach et al., 2007) or by an automated polar-
zed light microscopy analysis (Sugano et al., 2006). In addition to
ncreasing sample throughput, other approaches focus on use of

iniaturization to reduce drug consumption (Chen and Venkatesh,
004).

These screening assays utilize high-throughput automation and
arallel processing or miniaturization, thereby they provide a fast
creen of drug solubilization/precipitation in pharmaceutical vehi-
les with milligram quantities of a compound. However, all the
harmaceutical vehicles reported in the assays are typically aque-
us buffers, surfactant solutions, and low-viscosity lipids, organic
olvent and oils. These assays are potentially applicable to screen-
ng drug precipitations in low-viscosity formulations unless special
eating and dispensing system for viscous excipients are incorpo-
ated into the assays (Alsenz and Kansy, 2007). Also, a relatively
arge amount of a compound is required for testing if compound is
ispensed using powder dispersal due to the difficulty of dispens-

ng a small amount of drug power accurately in a high-throughput
ork flow.

Also, it should be pointed out that high-throughput/
iniaturized precipitation assays need to be validated during
ethod development. Several studies have demonstrated cor-

elation results between high-throughput/miniaturized assays
nd bench-scale precipitation assays (Alsenz et al., 2007; Chen
nd Venkatesh, 2004; Dai et al., 2007a,b; Mansky et al., 2007;
yttenbach et al., 2007). In fact, such high-throughput precipita-

ion assays are often used to rapidly screen out formulations with
he highest precipitation potential, then conventional bench-scale
recipitation methods are applied to further optimize or refine

ead formulation choices for preclinical testing or initial clinical
ssessment (Chen et al., 2005, 2003; Dai et al., 2007a, 2008b).
enerally speaking, these new assays are more suited for screening
olubility-enhancing formulations in drug discovery or early drug
evelopment because they usually do not focus on the long-term
tability of such formulations.

. Future perspective

To date, considerable investigations have been undertaken in
n attempt to develop appropriate in vitro precipitation screen-
ng assays that mimic precipitation phenomena in vivo after
dministration of formulations. Such mimicking in the assays pri-
arily focuses on selection of representative media simulating

he fasted state and fed state conditions in the human intestinal
uid (Dressman and Reppas, 2000; Galia et al., 1998; Kostewicz
t al., 2004, 2002; Persson et al., 2005), and on simulating lyosis
f lipids in vivo pertinent to lipid-based formulations (Dahan and
offman, 2008; Porter and Charman, 2001; Sek, 2007). These

n vitro assays have been used to assess precipitation potential
f pharmaceutical formulations, and achieved successes to some
xtent in terms of in vitro/in vivo correlation. However, such mim-
cking is far away from the highly complicated in vivo scenarios.
or example, current assays emphasize solubilization and disper-
ion of drugs in test media, but they typically fail to describe the
nteraction of formulations with the gastrointestinal tract envi-
onment, which is critical to establish predictive performance of
creening assays. Therefore in vitro results do not always corre-
ate with drug absorption in vivo. Undoubtedly, there is a need
or further development of more predictive in vitro precipitation
ssays.
One important consideration that should be incorporated into
uture assays is hydrodynamic fluid flow in vivo. Drug dissolu-
ion and precipitation are significantly influenced by hydrodynamic
onditions (Bai and Armenante, 2008; Bai et al., 2007; Baxter et al.,
005; D’Arcy et al., 2005; Kukura et al., 2004; Mirza et al., 2005;
armaceutics 393 (2010) 1–16 13

Qureshi, 2004, 2006). However, such hydrodynamic effect is often
overlooked in the in vitro precipitation assays. Several studies have
aimed to simulate hydrodynamic conditions (D’Arcy et al., 2005,
2006; McCarthy et al., 2004, 2003; Scholz et al., 2002, 2003), but
simulating in vivo hydrodynamic conditions still remains an obsta-
cle due to the complexity of the fluid flow and the heterogeneous
chaos in vivo.

Other critical parameters in future in vitro precipitation assays
should reflect re-absorption of drug precipitates. Current in vitro
precipitation assays define drug precipitates based on particle size
of the dispersion and treat precipitates as non-absorbable. Drug
precipitates, however, could redissolve in the gastrointestinal tract
and get reabsorbed in body. For example, depending on precip-
itation conditions such as media, pH, hydrodynamic flow, and
excipients used in the formulations, drug precipitates produced
during precipitation process could be amorphous or polymorphic
forms and exist in different morphologies/sizes (Dai et al., 2008a;
Gao et al., 2009; Simmons, 1993). The different solid forms of pre-
cipitates may have the changed solubility in the gastrointestinal
fluids, and a small size of amorphous precipitate can redissolve fast
(Dai et al., 2008a; Kim et al., 2008; Serajuddin et al., 1988). Therefore
it is likely that drug precipitates with improved solubility could be
re-solubilized in vivo for the absorption. It would be interesting to
look into the nature of drug precipitates and how the morphology
and size of the precipitates affect in vivo absorption using in vitro
precipitation assays.

In addition, drug absorption rate can impact the assessment
of drug precipitation potential in the gastrointestinal tract. For
example, current precipitation assays may overestimate drug pre-
cipitation potential if drug is absorbed at a fast rate. A few assays
using fiberglass dialysis (Blanquet et al., 2004) or the caco-2 cell
membrane (Kobayashi et al., 2001) have been described to simu-
late the absorption step. Such in vitro assays would be useful in
estimating potential for drug precipitation in gastrointestinal tract
since removal of drug in these systems would provide a more real-
istic time-course of drug supersaturation level. It would be great
that these assays are validated for routine testing.

Another interesting attempt that could contribute to the devel-
opment of in vitro precipitation assays includes computational
modeling. Investigations have been undertaken in an attempt
to develop mechanistically-based mathematical models that are
predictive of in vivo precipitation potential (Bolger et al., 2002;
Cammarn and Sakr, 2000; Johnson, 2003, 2007; Lu et al., 1993;
Narazaki et al., 2007a,b; Surakitbanharn et al., 1994). With more
understanding of drug fate in vivo and more experimental data
available, it could be possible in the future to estimate drug precip-
itation potential in vivo after dose administration using theoretical
models.
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