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a b s t r a c t

In this study, a frozen water phase method for log D measurement using a 96-well plate was developed.
In the case of log D measurement of compounds, the problem of octanol contamination often occurs;
in lipophilic compounds, the concentration of the octanol phase is much higher than that of the water
phase. When the water phase is separated from the octanol phase, a small amount of octanol phase
contamination could strongly influence the concentration of the water phase. To avoid this problem, the
frozen water phase method was developed. The water phase was frozen in liquid nitrogen and then the
eywords:
hysicochemical screening
-Octanol

og D
hysical property
rozen water phase method

unfrozen octanol phase was removed. To remove the portion of the octanol remaining on the frozen
water phase, the surface of the frozen water phase was washed with octanol and water/ethanol (50/50,
v/v). The validity of the method was confirmed by results of commercially available drugs at the log D
range from 0 to 4. Further, it was found that this method had the ability to evaluate the pH–log D profile
of compounds in the range from pH 2 to pH 12. As a result, we developed the convenient and accurate

n pre
iquid nitrogen method that is effective i

. Introduction

During the early stages of drug discovery and development,
ead compounds are optimized by synthesis of a large numbers of
erivatives. However, many of the lead compounds identified by
igh throughput screening are highly lipophilic and poorly solu-
le. log D is the negative logarithm of the distribution coefficient
etween octanol and water. log D7.4 (the log D value at pH 7.4)

s often used as a parameter of lipophilicity for drug design and
eriving quantitative structure activity relationship (QSAR) [1].
ptimization of lipophilicity is very important in the drug discovery
rocess because lipophilicity is closely associated with absorption
2], distribution, metabolism [3–7] and excretion (ADME) proper-
ies of the compound, as well as other important pharmacological
nd pharmaceutical characteristics. As such, a screening method for
ipophilicity evaluation in the early stages of drug discovery would
e a valuable tool for pharmaceutical research and drug discovery
8–10].

Several methods have been developed to overcome these dif-
culties and increase throughput in obtaining the experimental

og D measurement. For example, the conventional method is

he shake-flask method [11]. There have also been other meth-
ds based on titration method [11,12], pH depending UV spectra
hange [11], chromatographic retention times [11,13–15] and
iquid–liquid extraction method with PTFE membrane [16]. It has

∗ Corresponding author. Tel.: +81 29 847 5770; fax: +81 29 847 5771.
E-mail address: t5-yamashita@hhc.eisai.co.jp (T. Yamashita).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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venting contamination with a wide dynamic range.
© 2011 Elsevier B.V. All rights reserved.

been suggested that each method has distinct advantages and
disadvantages.

The shake-flask method is a simple and commonly used
method to determine log D [11]; however, it is time-intensive and
requires significant amounts of the active pharmaceutical ingre-
dient. Recently miniaturized shake-flask methods using a 96-well
plate-based automated injection technique have been reported
with the advantages of requiring a small amount of active pharma-
ceutical ingredient and automated high-throughput systems in the
early stage of drug discovery [17–20]. In the case of the miniatur-
ized method, the problem of octanol contamination often occurs
due to the decreased sample volume. In lipophilic compounds,
the concentration of the octanol phase is much higher than that
of the water phase. When the water phase is separated from the
octanol phase, a small amount of octanol phase contamination
could strongly influence the concentration of the water phase. In
addition, it is difficult to separate the water phase from the octanol
phase because of the high viscosity of octanol. Several reports of
an automated injection technique have been reported to prevent
contamination of the octanol [18,19], while disadvantages of the
automated injection technique (such as clogging of the needle by
insoluble matter) were also reported [21]. Thus, several approaches
will be necessary to develop the miniaturized log D method without
contamination of the octanol.
The liquid–liquid extraction method, utilizing the difference
in melting points of each phase, was an often used technique
for sample preparation of biological samples (such as therapeu-
tic dose monitoring in clinical trials) [22]. For example, one phase
was frozen in liquid nitrogen, and then the other unfrozen phase
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as extracted. In this study, we investigated the applicability of
his method for log D measurement to avoid contamination of the
ctanol during water phase sampling.

. Experimental

.1. Materials and reagents

Propranolol, ketoconazole, imipramine, carbamazepine, meto-
rolol, dexamethasone, desipramine, alprenolol and chlorpro-
azine were purchased from Sigma–Aldrich Japan (Tokyo, Japan).
ntipyrine was purchased from Kishida Chemical Co. Ltd. (Osaka,

apan). Flufenamic acid, ketoprofen and indomethacin were pur-
hased from Wako Pure Chemical Industries (Osaka, Japan).
ompounds were dissolved in dimethylsulfoxide (DMSO; Wako
ure Chemical Industries) at 10 mM. 1-Octanol (OctOH) was
btained from Tokyo Chemical Industries. Phosphoric acid, ethanol
EtOH), acetonitrile (MeCN), acetic acid, boric acid, sodium hydrox-
de, potassium chloride, NaH2PO4 and Na2HPO4 were obtained
rom Wako Pure Chemical Industries (Osaka, Japan). Water was
urified using a MilliQ Gradient A10 system (Millipore Co., Biller-

ca, MA, USA). 50% EtOH (water/ethanol (50/50, v/v)) was prepared
y mixing the same volume of water and ethanol. 10 mM phos-
hate buffer (pH 7.4) was prepared by mixing 10 mM NaH2PO4 and
0 mM Na2HPO4. Universal buffer (ionic strength 0.3, from pH 2 to
H 12) was prepared according to the previous report [23]. Octanol
nd buffer were mutually presaturated. As for the liquid nitrogen,
n house liquid nitrogen was used.

.2. HPLC conditions

HPLC/UV analyses were performed using a 1100 series HPLC
ystem fitted with a binary pump, plate auto sampler, thermostat
n the column compartment, and diode array detector controlled
y Chemstation, version 9.01 (Agilent Technologies, Palo Alto,
A). Chromatography was conducted using a YMC Pro C18 col-
mn (35 mm × 4.6 mm; particle size 3 �m; YMC, Kyoto, Japan). The
obile phase was composed of a mixture of 0.1% phosphoric acid in
ater (solvent A) and MeCN (solvent B). The gradient was delivered

t 2 mL/min as follows: 0 min, 5% solvent B; 3.0 min, 90% solvent B;
.5 min, 90% solvent B; 3.51 min, 5% solvent B; and 5 min, 5% sol-
ent B; loop time = 5.0 min. The column was maintained at 40 ◦C.
he diode array detector was set at 210 nm.

.3. Sample preparation of log D7.4 measurement

Compounds were dissolved in DMSO to a concentration of
0 mM. A volume of 10 �L of each 10 mM DMSO solution was placed

n a 96-well plate (31 mm, deep well plate, polypropyrene, Agilent
echnologies, parts no. 5042-6454). Next, 300 �L of octanol was
dded to each well using an eight-channel electric Biohit eLINE
ipette (Biohit OYJ, Helsinki, Finland), and the plate was sealed
ith a silicone pre-slit well cap. The plate was then agitated on
plate shaker (Taitec Micro mixer E-36, Taitec Co., Saitama, Japan)

or 5 min. A volume of 600 �L of 10 mM phosphate buffer (pH 7.4)
as added to each well using an 8-channel electronic pipette. After

ealing, the plate was vigorously mixed on the plate shaker for
h at room temperature. The plate was centrifuged at 2000 rpm

or 5 min in a swinging-bucket centrifuge (KUBOTA 7780, KUB-
TA Manufacturing Co., Gunma, Japan), and the seal was removed.

volume of 10 �L of the octanol phase was transferred into a

ew plate and 490 �L of 50% EtOH was added using an 8-channel
lectronic pipette (50-fold dilution of octanol phase). The 50-fold
iluted octanol phase plate was sealed and placed in the injector of
PLC for analysis of the octanol phase. The bottom of the plate that
84 (2011) 809–813

was initially shaken for 1 h was put into a dewar flask filled with liq-
uid nitrogen for approximately 60 s to freeze the water phase. The
unfrozen octanol phase was removed by using an 8-channel elec-
tronic pipette. 400 �L of octanol was added on the frozen water
phase and removed by using an 8-channel electronic pipette to
wash out the compound that was partitioned in the octanol phase.
The wash-out process using octanol was carried out twice. 400 �L
of 50% EtOH was added on the frozen water phase and removed
using an 8-channel electronic pipette to wash out the remaining
octanol. The plate was put into a water bath to melt the frozen
water phase. The water phase plate was sealed and placed in the
injector of HPLC for analysis of the water phase. A volume of 5 �L of
50-fold diluted octanol phase and a volume of 50 �L of water phase
were injected onto the column by an auto liquid sampler.

2.4. Sample preparation for the pH–log D profile

To obtain the pH–log D profiles, the universal buffer (ionic
strength 0.3, from pH 2 to 12) was used for the aqueous phase. log D
measurement was carried out according to the same procedure in
Section 2.3.

2.5. Calculation of log D, pKa and log P

log D value was calculated using the following equation:

log D = log
{

concentration in octanol phase
concentration in buffer phase

}
(1)

pKa and log P were calculated from the pH–log D profiles by the
fitting program of Microsoft Excel 2003:

log D = log P − log [1 + 10(pH–pKa)]

for monovalent acidic compound (2)

log D = log P − log [1 + 10(pKa–pH)]

for monovalent basic compound (3)

3. Results and discussion

3.1. Development of the frozen water phase method

Fig. 1 shows the flow of the frozen water phase method. To
develop the high throughput screening system, the liquid nitro-
gen was selected to freeze the water phase immediately. The water
phase was frozen in liquid nitrogen at a depth of approximately
14 mm from the surface of the liquid nitrogen to the bottom of
the plate, and then the unfrozen octanol phase was removed. To
remove the portion of the octanol remaining on the frozen water
phase, the surface of the frozen water phase was washed with
octanol and 50% EtOH. It was also possible to measure log D of the
poorly soluble compound, because it was dissolved in octanol prior
to the measurement.

To remove the portion of the octanol remaining on the frozen
water phase, several washing procedures were examined. 400 �L
of the 50% EtOH or octanol was added on the surface of the
frozen water phase and then removed by an 8-channel pipette.
Table 1 shows the results of the washing procedure. To eas-
ily monitor contamination of the octanol, we used ketoconazole
with a log D7.4 of 3.8 (reference value [24]). Washing with 50%

EtOH four times resulted in log D7.4 of 2.9. It was insufficient to
remove the remaining octanol by washing four times with 50%
EtOH. On the other hand, it was possible to remove the residual
octanol portion by the introduction of an octanol wash; the log D7.4
value of our method measured almost the same as the reference
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Fig. 1. Flow of the frozen water phase method using 96-well plate. OctOH and LN2 refer to 1-octanol and liquid nitrogen, respectively.

Table 1
Effect of the washing procedure on log D7.4 value of ketoconazole.

Washing procedure log D7.4 (n = 3)

Mean SD

50% EtOH wash 4× 2.9 0.2
OctOH wash 1×, 50% EtOH wash 1× 3.5 0.1
OctOH wash 1×, 50% EtOH wash 2× 3.7 0.1
OctOH wash 2×, 50% EtOH wash 1× 3.8 0.1
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reported log D7.4 values [24,26–28] (Table 2 and Fig. 2). As a result,
there was excellent positive correlation between the results of the

T
l

Reference value [24] 3.8 –

alue. It was important to select a high affinity washing solvent to
emove the remaining octanol portion. As a result, washing two
imes with octanol and one time with 50% EtOH was selected.
he duplicate wash with octanol successfully removed the residual
ctanol on the frozen water, and the single wash with 50% EtOH
emoved the washing solution of octanol remaining on the frozen
ater.

Regarding the period for the freezing process, approximately
0 s was selected. The water phase was frozen from the bottom
f the 96-well plate by liquid nitrogen. The freezing process of
he water phase was controlled by visible check and time con-
rol. The melting point of octanol was previously reported as −16
o −17 ◦C [25]. When the bottom of the plate was in the liquid

itrogen more than 120 s, frozen octanol was visually observed.
s a result, approximately 60 s was selected as the period for the

reezing process.

able 2
og D7.4 values of commercial medical supplies measured by 96-well plate frozen method

Commercial medical supplies log D7.4

Mean n = 3

Propranolol 1.3
Ketoconazole 3.8
Imipramine 2.2
Carbamazepine 1.7
Metoprolol 0.0
Antipyrine 0.2
Desipramine 1.5
Flufenamic acid 2.1
Alprenolol 1.2
Chlorpromazine 3.6
Dexamethason 1.7
Indomethacin 0.7
Fig. 2. Relationship between the log D7.4 results of the frozen water phase method
and the reference values.

3.2. Validation of the frozen water phase method

For the validation study of the frozen water phase method,
log D7.4 values of several commercial compounds were obtained
using the frozen water phase method and were compared with
frozen water phase method and that of the reported values over a
wide dynamic range (log D7.4 from 0 to 4). In the highly lipophilic
compounds (log D > 4), it was difficult to quantify the concentra-

.

SD n = 3 log D7.4 (reference) Reference

0.0 1.3 [26]
0.1 3.8 [24]
0.1 2.4 [26]
0.1 2.2 [26]
0.0 −0.2 [26]
0.0 0.4 [26]
0.0 1.3 [26]
0.1 2.0 [27]
0.0 1.0 [26]
0.1 3.4 [26]
0.1 1.8 [26]
0.0 0.7 [28]
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Table 3
log P and pKa values of ketoprofen and metoprolol.

Commercial medical supplies pKa
a pKa (reference) log Pa log P (reference) Reference

Ketoprofen 4.3 4.5
Metoprolol 9.5 9.6

a log P and pKa values were obtained from the results of the measured pH–log D profile

Fig. 3. pH–log D profiles of ketoprofen (A) and metoprolol (B) measured by the 96-
well plate based frozen water phase method (SD, n = 3). Observed log D shows the
result of the log D obtained by the frozen water phase method. Calculated log D
c
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urves were obtained as follows: log D = log P − log [1 + 10(pH–pKa)] for monovalent
cidic compound, log D = log P − log [1 + 10(pKa–pH)] for monovalent basic compound.
Ka and log P were obtained from the literature values [17].

ion of the water phase by UV detection, so the upper limit of log D
as set as log D of 4. A general guide for optimal gastrointestinal

bsorption by passive diffusion permeability after oral dosing is to
ave a moderate log D (range 0–3) [29] and our method have the
nough range to cover the range of the general guide.

1.1% (v/v) of DMSO was included in 300 �L octanol/600 �L
ater; however, it was supposed that there was little influence of
MSO on the log D7.4 value from the previous report [18]. In fact,

here was good correlation between the results of the frozen water
hase method containing 1.1% (v/v) of DMSO and the reference
alues (Table 2 and Fig. 2).

.3. Application for pH–log D profile

To investigate the applicability of the method for a wide pH
ange, pH–log D profiles of the model compounds were examined
y this method. To obtain the pH–log D profiles, universal buffer

ionic strength 0.3, pH 2–12) was used for the aqueous phase. As
or model compounds, ketoprofen and metoprolol were selected for
he acidic and basic model compounds, respectively. Fig. 3 shows
he results of the pH–log D profile. Observed log D shows the result

[
[
[

[

2.9 2.7 [17]
1.9 1.8 [17]

s using the fitting program of Microsoft Excel 2003.

of the log D obtained by the frozen water phase method. Calcu-
lated log D curves were obtained from Eqs. (2) and (3). As for the
calculated log D curves, pKa and log P were obtained from literature
values, summarized in Table 3 [17]. In Fig. 3, the difference between
the observed log D and the calculated log D curve were within 0.2
units. From the previous report [18], the difference of log D between
the conventional shake-flask method and the miniaturized 96-well
plate method was approximately 0.2–0.3 units, so excellent corre-
lations were observed between the pH–log D profiles obtained by
the frozen water phase method and those calculated from literature
values (pKa and log P).

pKa and log P values were summarized in Table 3. The obtained
values (log P and pKa) from the measured pH–log D were almost the
same as the reference values, and the agreements of log P and pKa

contributed to the agreement between the measured pH–log D pro-
files by the water phase frozen method and the calculated pH–log D
profiles from the literature values. As a result, the 96-well plate-
based water phase frozen method was applicable for a wide pH
range from pH 2 to pH 12.

4. Conclusions

In this study, we developed the frozen water phase method
for log D measurement. Validity of the method was confirmed by
results of commercially available drugs from log D of 0–4. Further it
was found that the method had an ability to evaluate the pH–log D
profile of the compounds in the range from pH 2 to pH 12. As a
result, we developed the convenient and accurate method that is
effective in preventing contamination with a wide dynamic range.

Acknowledgements

We thank all staff members of the analytical research section at
Tsukuba Research Laboratory (Eisai Co. Ltd.) for discussion regard-
ing this work.

References

[1] I. Shamovsky, S. Connolly, L. David, S. Ivanova, B. Norden, B. Springthrope, K.
Urbahns, J. Med. Chem. 51 (2008) 1162–1178.

[2] Y.C. Martin, J. Med. Chem. 48 (2005) 3164–3170.
[3] M. Ishigami, T. Honda, W. Takasaki, T. Ikeda, T. Komai, K. Ito, Y. Sugiyama, Drug

Metab. Dispos. 29 (2001) 282–288.
[4] X. Liu, M. Tu, R.S. Kelly, C. Chen, B.J. Smith, Drug Metab. Dispos. 32 (2004)

132–139.
[5] E.H. Kerns, L. Di, Drug Discov. Today Technol. 1 (2004) 343–348.
[6] C.A. Lipinski, J. Pharmacol. Toxicol. Methods 44 (2000) 235–249.
[7] H.V.D. Waterbeemd, D.A. Smith, K. Beaumont, D.K. Walker, J. Med. Chem. 44

(2001) 1313–1333.
[8] Z. Chen, S.G. Weber, Anal. Chem. 79 (2007) 1043–1049.
[9] T. Hartmann, J. Schmitt, C. Rohring, D. Nimptsch, J. Noller, C. Mohr, Curr. Drug

Deliv. 3 (2006) 181–192.
10] S.M. Ulmeanu, H. Jensen, G. Bouchard, P.-A. Carrupt, H.H. Girault, Pharm. Res.

20 (2003) 1317–1322.
11] H.V.D. Waterbeemd, H. Lennernas, P. Artursson, R. Mannhold, H. Kubinyi,

G. Folkers (Eds.), Drug Bioavailability: Estimation of Solubility, Permeabil-
ity, Absorption and Bioavailability, Wiley-VCH Verlag GmbH Inc., Weinheim,

Germany, 2003, pp. 3–242.

12] A. Avdeef, Curr. Top. Med. Chem. 1 (2001) 277–351.
13] K. Valko, J. Chromatogr. A 1037 (2004) 299–310.
14] R. Kaliszan, P. Haber, T. Baczek, D. Siluk, K. Valko, J. Chromatogr. A 965 (2002)

117–127.
15] K. Valko, P. Slegel, J. Chromatogr. A 631 (1993) 49–61.



alanta

[

[
[

[
[

[

[

[

[

[

[

[

T. Yamashita et al. / T

16] M. Alimuddin, D. Grant, D. Bulloch, N. Lee, M. Peacock, R. Dahl, J. Med. Chem.
51 (2008) 5140–5142.

17] P.C. Chiang, Y. Hu, Comb. Chem. High Throughput Screen. 12 (2009) 250–257.
18] Y. Dohta, T. Yamashita, S. Horiike, T. Nakamura, T. Fukami, Anal. Chem. 79 (2007)

8312–8315.
19] T. Yamashita, I. Nishimura, T. Nakamura, T. Fukami, JALA 14 (2009) 76–81.
20] Y.W. Alelyunas, L. Pelosi-Kilby, P. Turcotte, M.B. Kary, R.C. Spreen, J. Chromatogr.
A 1217 (2010) 1950–1955.
21] I. Nishimura, A. Hirano, T. Yamashita, T. Fukami, J. Chromatogr. A 1216 (2009)

2984–2988.
22] S.R.C.J. Santos, E.V. Campos, C. Sanches, D.S. Gomez, M.C. Ferreira, CLINICS 65

(2010) 237–243.
23] C.M. Fernandez, V.C. Martin, Talanta 24 (1977) 747–748.

[

[

84 (2011) 809–813 813

24] K. Sugano, H. Hamada, M. Machida, H. Ushio, J. Biomol. Screen. 6 (2001)
189–196.

25] The Merck Index, Twelfth edition, Merck & CO. Inc., Whitehouse Station, New
Jersey, 1996, pp 1160–1161.

26] F. Lombardo, M.Y. Shalaeva, K.A. Tupper, F. Gao, J. Med. Chem. 44 (2001)
2490–2497.

27] M.I.L. Rotonda, G. Amato, F. Barbato, C. Silipo, A. Vittoria, Quant. Struct. Act.

Relat. 2 (1983) 168–173.

28] A. Avdeef, Absorption and Drug Development: Solubility, Permeability,
and Charge State, John Wiley & Sons Inc., Hoboken, New Jersey, 2003,
pp. 23–66.

29] E.H. Kerns, L. Di, Drug-like Properties: Concepts, Structure Design and Methods
from ADME to Toxicity Optimization, Elsevier Inc., London, UK, 2008, p. 45.


	Frozen water phase method for logD measurement using a 96-well plate
	Introduction
	Experimental
	Materials and reagents
	HPLC conditions
	Sample preparation of logD7.4 measurement
	Sample preparation for the pH–logD profile
	Calculation of logD, pKa and logP

	Results and discussion
	Development of the frozen water phase method
	Validation of the frozen water phase method
	Application for pH–logD profile

	Conclusions
	Acknowledgements
	References


