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Abstract

A novel and generic miniaturization methodology for the determination of partition coefficient values of organic compounds inn-
octanol/water by using magnetic nanoparticles is, for the first time, described. We have successfully designed, synthesised and characterised
new colloidal stable porous silica-encapsulated magnetic nanoparticles of controlled dimensions. These nanoparticles absorbing a tiny amount
ofn-octanol in their porous silica over-layer are homogeneously dispersed into a bulk aqueous phase (pH 7.40) containing an organic compound
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rior to magnetic separation. The small size of the particles and the efficient mixing allow a rapid establishment of the partition eq
f the organic compound between the solid supportedn-octanol nano-droplets and the bulk aqueous phase. UV–vis spectrophotom

hen applied as a quantitative method to determine the concentration of the organic compound in the aqueous phase both befo
artitioning (after magnetic separation). logD values of organic compounds of pharmaceutical interest (0.65–3.50), determined by th
ethodology, were found to be in excellent agreement with the values measured by the shake-flask method in two independent l
hich are also consistent with the literature data. It was also found that this new technique gives a number of advantages such a
n accurate measurement of logD value, a much shorter experimental time and a smaller sample size required. With this appro

ormation of a problematic emulsion, commonly encountered in shake-flask experiments, is eliminated. It is envisaged that this me
e applicable to the high throughput logD screening of drug candidates.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lipophilicity is a very useful physicochemical parameter
eflecting the transfer properties of a compound across
iological membranes[1]. This can be described by the
artition coefficient (logD), which is defined as the ratio of
oncentrations of a compound in all its forms between an
queous phase (with buffer) and an oil phase. In particular,

he n-octanol/water partition coefficient is commonly used
n the pharmaceutical industry to reflect the lipophilicity of

potential drug compound[2,3]. Although there are some
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theoretical approaches to assess lipophilicity of a chem
structure, their predictability for new chemical entit
and/or novel structures is not satisfactory[4]. Consequently
an accurate measurement of then-octanol/water partitio
coefficient using an appropriate methodology is essent
a drug evaluation programme.

The shake-flask method is a simple and traditional me
for the determination of the logD value[1,5]. It is accepte
as a standard procedure by the Organisation for Econ
Cooperation and Development (OECD)[6]. The compoun
is introduced into the two immiscible phases,n-octanol and
aqueous buffer solution, in a separator funnel. The fu
is then shaken until the partitioning equilibrium is achiev
After phase separation, the concentration of the compou
each phase was determined. The drawbacks of this m
include: a slow partitioning because of the bulk phase

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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volved, it is labour intensive and emulsion formation upon
shaking can interfere with the measurement. It has therefore
been deemed unsuitable for a high throughput screening[7].
To overcome some of these problems, a stir-flask method has
been developed. The vessel is gently stirred without shak-
ing. However, a long period of time is employed (at least
36 h) in order to ensure the establishment of an equilibrium
[8]. A chromatographic method using a column containing
n-octanol-coated beads has also been reported[9–12]. The
success of this approach depends very much on the quality
of the calibration of the capacity factor against the logD val-
ues of standard compounds. Most often, this technique works
well within a homologous series but it fails for structurally
unrelated compounds. In addition, for ionised compounds,
column-based techniques are not ideal, as the charged species
are likely to coelute with the solvent front. Counter current
chromatography (CCC) for logD measurements has then
been developed[13]. In this method, the solute partition-
ing takes place between two immiscible solvents, one sta-
tionary and the other mobile. A gravitational or centrifugal
force is utilised to hold the liquid stationary phase in the
bed. CCC using centrifugal force for retaining the station
phase is sometimes referred to as centrifugal partition chro-
matography (CPC). In these techniques, the logD value is
determined from the retention volume (Vr) of a solute (ana-
lyte) in relation to the stationary (V ) and mobile phase (V )
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n-octanol droplets for logD measurement with the aim of
addressing the aforementioned drawbacks. Specifically, the
composite nanoparticles are preloaded with a known amount
of n-octanol dispersed into a bulk aqueous phase containing
the analyte and buffer. The smalln-octanol droplets on the
nanoparticles create an excellent interface with the aqueous
buffer phase, which significantly shortens the time required to
achieve partition equilibrium. Thus, the super-paramagnetic
properties of the nanoparticles allow a rapid magnetic in-
duced phase separation followed by the analysis of the analyte
in the bulk aqueous buffer phase by UV–vis spectrophotom-
etry. Since then-octanol is confined in silica over-layer, the
formation of an emulsion, which is commonly encountered
in shake-flask experiments, is virtually eliminated. We have
also demonstrated that this novel method is capable of
obtaining accurate logD values for selected compounds.

2. Materials and methods

2.1. Materials

Iron (II) chloride tetrahydrate, iron (III) chloride hexahy-
drate, potassium dihydrogenphosphate, tetraethyl orthosili-
cate (TEOS), cetyltrimethyl ammonium bromide (CTAB),
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olumes based on the fundamental chromatographic rela
hip:Vr =D (Vs +Vm). However, the main drawback of the
echniques is that they are time-consuming and intens
ardware required[7,14]. A new method based on a flow

ection extraction has recently been reported[15–17]. In this
pproach, then-octanol and the compound containing aq
us buffer phases are segmented with each other in a spe
esigned manifold; from which the segmented stream
ows through an extraction coil for equilibration. Althoug
s a continuous system equipped with an on-line spectro
ometric detection, the method shows a narrow range of lD
alues[15–17]. More recently, Andersson and Schrader h
roposed a dialysis tube method, which is claimed to ca
ompounds of a wider logD range[18]. But, this technique i
ather complicated to set up and involves a long experim
ime. As far as we are aware, all the above reported me
ppear to suffer from either lacking of generality, simp

ty, versatility, accuracy or more importantly, speed for a
nalysis to cope with the modern combinatorial synthes
large variety of compounds.
Hierarchical surfactant mediated assembly particu

n a magnetic body is a new emerging approach to the
ation of functional nanometer-scale magnetic architec
19]. We have recently synthesised new magnetic sepa
ilica-coated iron oxide nanoparticles by a reverse m
mulsion method, which can be dispersed in aqueous
s a stable colloid. It has been shown that these nan

icles are uniformly sized and possess super-paramag
roperties [20]. In this particular application, we ha
sed these porous nanoparticles for the physical stora
-Octanol (99%), 4-nitroanisole (97%), 4-nitrobenzyl
ohol (99%) and 4-nitrophenol (98%) were obtai
rom Aldrich. Imipramine, chlorpromazine, benzamide, 3
ichlorophenol and ibuprofen were obtained from Sig
uinoline (99%) and aniline (99.8%) were obtained fr
isher–Acros. Ammonia solution (35%) and toluene (>9
ere obtained from Fisher.

.2. Methods

.2.1. Synthesis of porous silica-encapsulated
anoparticles

Porous silica-encapsulated magnetic nanopar
s a nano-absorbent were synthesised using a mo
icroemulsion technique[20]. In the synthesis, a w

er:surfactant ratio (Wo) of 20 was utilized. After th
agnetic iron oxide core was obtained, TEOS was a

o form the porous silica over-layer through the hydr
is/condensation of the TEOS into silica gel in ammo
olution (high pH). The entire preparation was car
ut in a nitrogen atmosphere. Characterisation of
anoparticles were carried out using typical solid
urface characterisation techniques such as scanning
ron microscopy (SEM), transmission electron microsc
TEM), X-ray powder diffraction (XRD), energy dispers
pectrometry (EDS) and vibrating sample magnetom
VSM). Detailed characterisation of particle dimensio
hickness of silica over-layers and chemical composit
f these nanoparticles can be found in our previous re

20].
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2.2.2. n-Octanol absorption onto the nanoparticles
Prior to the loading ofn-octanol, all samples were placed

in a dynamic vacuum of 6.5× 10−2 mbar at 150◦C for
at least 4 h in order to remove any volatile materials or
solvent possibly trapped within the nanoparticles during
the synthesis. We employed a gravimetric method to
prepare then-octanol filled nanoparticles. In a typical logD
measurement experiment, 0.05 g nanoparticles were mixed
with 0.0165 g n-octanol (since the density ofn-octanol
saturated with buffer was 0.824 g/ml hence 20�l, was
therefore added) followed by adding 2.0 ml of aqueous drug
solution (∼1× 10−5 M) in order to set the aqueous:n-octanol
phase ratio to 100. It is noted that this amount ofn-octanol
is well below the maximum loading ofn-octanol in the
nanoparticles (0.54 ml/g determined by TGA experiment),
thus no saturation of then-octanol in the nanoparticles is
ensured.

2.2.3. Buffer solution preparations
A buffer solution containing 10 mM potassium diydrogen-

phosphate was prepared using HPLC grade water. The pH of
the buffer was adjusted by adding of appropriate amount of
KOH solution to 7.40. The buffer was then placed in a 500 ml
separatory funnel, 10 ml ofn-octanol was added upon to al-
low the formation of a thinn-octanol layer above the aqueous
p fun-
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The logD value was calculated by the following equation:

logD = log

{[
(A1 − A2)

A2

]
× Vw

Vo

}
(1)

whereA1 and A2 represent the UV–vis absorption value
of the compound at the aqueous phase before and after
partition, respectively, whileVw/Vo represents the aqueous
phase:n-octanol phase ratio.

For comparative purposes, the partition coefficients of all
the compounds were independently measured by the shake-
flask method at two laboratories (Reading and AstraZeneca).
The aqueous phase:n-octanol ratio employed was kept the
same (100) unless otherwise stated. Samples before and after
partition were quantified by using UV–vis spectrophotome-
try (Reading) and a generic LC gradient coupled with UV
detection (AstraZeneca)[21].

2.2.4.2. The time required to achieve partition equilib-
rium. To determine the time required in achieving par-
tition equilibrium, the change of the UV–vis absorption
value of a selected compound in the supernatant aqueous
phase was monitored as a function of time. Two com-
pounds, namely, 4-nitrobenzylalcohol (λmax= 280 nm) and
4-nitroanisole (λmax= 316 nm), were employed for this time
analysis, respectively. Seven identical experiments, operated
in a parallel manner, were carried out for each compound.
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hase. After shaking the funnel by hand for 5–10 min, the
el was covered with aluminium foil and left for at leas
ays to ensure the two phases were mutually saturate

he prepared solutions were stored in a cool and dry cupb
or further experiments.

.2.4. Partition coefficient determination

.2.4.1. The partition experiment.All the partition co-
fficient determination experiments were carried ou
queous 10 mM potassium dihydrogen orthophosp
uffer, pre-saturated withn-octanol, at pH 7.40 at 25◦C.
n analyte was dissolved in this aqueous buffer solu
t a concentration of about 1× 10−5 M. The nanoparticles
reloaded withn-octanol, were allowed to disperse into
olution in a vial. The aqueous buffer phase:n-octanol ratio
as adjusted to 100:1 unless otherwise stated. This via
ealed and agitated in an orbital shaker for about 20
he shaking speed (∼80 cycles per sec.) was carefu
ontrolled to avoid anyn-octanol droplets detaching fro
he particles.n-Octanol is lighter in weight than water due
ts lower density. If it leaches from the nanoparticles, it wo
uickly rise up to the surface of the bulk aqueous phase
ggregate into small droplets or films. Thus, this crude
imple visual method could detect anyn-octanol leachin
rom the nanoparticles. Magnetic induced precipitatio
he nanoparticles was then achieved by using a perm
agnet (BHmax= 38 MGOe) situated at the bottom of t

ial. UV–vis absorption spectra of the compound at
queous phase before and after partition were collecte
bsorption data were background subtracted before
he supernatants were then analyzed by UV–vis absor
fter an exposure to an external magnetic field at the tim

ervals of 5, 10, 15, 20, 25, 30 and 60 min in turn (about 1
s required to magnetically precipitate the colloid particl
he time-absorption changes were referenced to the aq
olution containing the same compound but without ad
hen-octanol filled nanoparticles (t= 0 min).

. Results and discussion

.1. Nanoparticles characterisation

XRD reveals that the average diameter of the iron o
anoparticles is 9.9 nm, which is in an excellent agreem
ith a value of 9.1 nm as shown from the TEM image
ig. 1. It can be seen that the iron oxide formed as an
er core (darker fringe) is covered by several loosely pa
ilicon-oxygen containing over-layers, which appears t
morphous and porous (seeFig. 1 with TEM images and
cheme of the particle). Energy dispersive spectrometry
rms that the elemental composition of these nanopart
s Fe3O4.24·1.74 SiO2. VSM analysis indicates that the sa
ation magnetisation per kilogram of the magnetic iron o
ore is of 76.16 emu/g. The value is close to the litera
alue of bulk Fe3O4, which is about 92 emu/g[22]. Also, the
easured remanence of these nanoparticles is 4.5 A m2/kg
nd coercivity is 15.3 k A/m. Magnetic remanence repres
magnetic field remained in material after it is expo

o an external magnetic field. The coercivity is defined
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Fig. 1. TEM image and a model of the silica coated magnetic nanoparticles.

the magnetic property of a material, which resists its de-
magnetisation. High magnetic remanence and high coercivity
values indicate that the material is a ‘hard’ type of magnetic
material. Thus, our nanoparticles are characterized with low
remanence and coercivity values suggest that the particles
will only behave as little magnets upon exposure to a strong
external magnetic field leading to precipitation. Without the
magnetic field, the ‘soft’ nanoparticles will return as colloidal
dispersed particles. Thus, these data clearly agree that the
nanoparticles exhibit super-paramagnetic behavior at room
temperature as expected from the nano-sized iron oxide par-
ticles. It is important to note that the super-paramagnetism
means that there is no remaining induced magnetism due to
repeated exposure of magnetic field.

3.2. Partition coefficient determination

Table 1shows the average logD values of some selected
compounds determined by the nanoparticles method and
the shake-flask method compared to the literature data.
The quoted logD value for each drug compound is an
average value obtained by repetitive measurements for at
least five times by both the nanoparticle method and the
shake-flask method.Fig. 2 shows very small deviations of
the average measured data for each sample compared with
t thod
a urves
r with
s ests
t rticle
m ined

from the shake-flask method and the literature data. It also
indicates the repeatability of the present method for the logD
measurement.

This is a concern that some polar drug compounds
especially those generally known as strong hydrogen bond
acceptor compounds, such as pyridine and quinoline, may
selectively bind onto the OH groups on the silica surface. As

F ticle
m

he data obtained from the standard shake-flask me
nd the literature. Linear regression analyses on the c
eveal correlation coefficients of greater than 0.98,
lopes and intercepts close to unity. This clearly sugg
hat the logD values measured by the present nanopa
ethod are in excellent agreement with those obta
ig. 2. The correlations of logD values obtained by the present nanopar
ethod with (a) a shake-flask method and (b) the literature value.
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Table 1
Partition coefficients (logD) of selected compounds as determined by the nanoparticles method and the shake-flask method in pH 7.4 at 25◦Ca

Compound Structure Nanoparticles Shake-flask Literature

Reading AstraZeneca

Aniline 0.97± 0.03 0.93± 0.01 NAb 0.90[23]

Benzamide 0.68± 0.05 0.65± 0.01 0.66 0.64[23]

Chlorpromazine 3.16± 0.01, 3.18± 0.45 (aqueous phase:n-octanol = 890:1) 3.08± 0.01 3.20 NAb

3,5-Dichlorophenol 3.42± 0.04 3.50± 0.05 3.56 3.68[24]

Ibuprofen 1.01± 0.06 1.03± 0.03 1.10 NAb

Imipramine 2.59± 0.16 2.56± 0.04 2.50 2.40[25]

4-Nitroanisole 2.01± 0.01, 2.05± 0.07 (aqueous phase:n-octanol = 890:1) 2.01± 0.01 NAb 2.03[23]

4-Nitrophenol 1.49± 0.02 1.49± 0.01 1.48 1.38[26]

4-Nitrobenzylalcohol 1.27± 0.04 1.26± 0.01 NAb 1.26[23]

Pyridine 0.69± 0.02 0.68± 0.02 0.66 0.65[27]

Quinoline 2.19± 0.01 2.12± 0.01 2.02 2.03[27]

a Uncertainty at 95% confidence level determined from five repeated measurements.
b Not available.

a result, measurements were carried out on the nanoparticles
with and without capping the surface silanol groups (Table 2).
As noted from the table, no significant difference of the logD
values was obtained with and without the capping treatments.

It is especially noted that the magnetic induced separation
(precipitation) of the particles from the supernatant can be ac-
complished within 1 min.Fig. 3shows the typical UV–vis ab-
sorbance changes of 4-nitrobenzylalcohol and 4-nitroanisole
in the supernatant buffer phase (measured after the separa-
tion) as a function of time. The data indicates that a partition

Table 2
Partition coefficients (logD) of selected hydrogen bond acceptor compounds
with and without removal of surface silanol groups

Compound logD (nanoparticles
with free OH
groups)

logD (nanoparticles with OH
capped by chlorotrimethylsilane
(CTMSa))

Aniline 0.973 0.968
Quinoline 2.186 2.181
Chlorpromazine 3.164 3.170

a Excess CTMS was mixed with nanoparticles at 55◦C.
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Fig. 3. The change of UV–vis absorptions of 4-nitrobenzylalcohol and 4-
nitroanisole in aqueous supernatant phase as a function of time after the
magnetic induced precipitation of the nanoparticles.

equilibration time of <15 min is required for both of the com-
pounds (including the time for the magnetic precipitation),
which is much shorter than many reported methods[7,18].
This may suggests that then-octanol is likely be absorbed
by the nanoparticles in form of very small droplets. Con-
sequently, the interfacial contact between the aqueous and
then-octanol phases is far higher than that of the traditional
shake-flask experiment for the rapid establishment of equi-
librium. In contrast, it is well accepted that the traditional
shake-flask requires a much longer experiment time (>12 h)
as the inter-dispersed emulsion droplets would require a long
time to settle (despite the fact that improved modern designs
can substantially reduce the analytical time to be within a few
hours).

In addition, it is anticipated that the present method would
be useful for the determination of high logD compounds,
which would be useful in drug discovery. High logD value
implies that the compound is very soluble inn-octanol, so
leaving very low concentrations in the aqueous phase after
partition which may well fall below the detection limit of
the analytical technique used. By reducing the amount ofn-
octanol, the concentration of the compound after partition
may become quantifiable (see Eq.(1)). However, it is rather
difficult to achieve this in shake-flask method since a visual
distinction of the two immiscible phases has to be maintained.
As a result, a large quantity of solvents and compounds, are
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high logD values. As a result, further improvement in the
logD range is required. Nevertheless, it is believed that the
novel procedure described here could offer a robotic friendly
miniaturization platform, which would be well adopted as
an automation method for a high throughput logD screen of
drug candidates.

4. Conclusion

A novel methodology in tailoring porous silica-
encapsulated iron oxide nanoparticles to determine the par-
tition coefficient of organic compounds in aqueous phase/n-
octanol has been developed. Our experimental results clearly
demonstrate the usefulness of this novel method for the ac-
tual determination of partition coefficient values, which re-
quires only a very small quantity of compound, solvent and
the nanoparticles. It was found that the logD values as mea-
sured by this novel method were in excellent agreement with
those determined by the shake-flask method at two differ-
ent laboratories and correlated extremely well with literature
values where available. We have demonstrated that this novel
but direct method can circumvent some current problems in
logD determination using other methods, such as long analy-
sis time, cumbersome, labor intensive and undesirable emul-
s
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herefore required. On the other hand, in our case, reduct
ample volume can be achieved easily by reducing the am
f nanoparticles dispersed in the aqueous phase. To illu

his point, it can be seen fromTable 1that an extremely larg
queous phase:n-octanol phase ratio (890:1) can be achie
y using the nanoparticles as then-octanol carrier. It should b
orne in mind that this could not be easily established u

he shake-flask method in a small flask. However, fur
idening the present logD range shown inTable 1(such
s using bifonazole, logD= 4.77) was not successful. This
ttributed to the extremely low solubility of these compou

n aqueous phase and the limited sensitivity of the UV
pectrometry. The problem could be resolved by using m
ensitive techniques such as LC–MS, which will be evalu
n the future. As a result, a logD range of 0.65–3.50 is no
emonstrated by this method. This range, however, is
ot yet capable of capturing pharmaceutical compounds
ion formation.
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