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Abstract 0 Lipophilicity scales were characterized by an approach
using vectors provided from solvation energy descriptors (SED) of
solutes such as an excess molar refraction, the dipolarity/polarizability,
the hydrogen-bond acidity, the basicity, and the McGowan charac-
teristic volume. The five components of the SED vector were obtained
from the coefficients of the five SED terms of the linear solvation
energy relationship (LSER) equation for the lipophilicity scales. The
analogy between two lipophilicity scales was expressed as the angle
between the two SED vectors, while the difference in the contribution
of the five independent SEDs to these two lipophilicity scales was
quantified by the difference of the unit vectors of the SED vectors.
These approaches were applied to several lipophilicity scales measured
using microemulsions, micelles, an immobilized artificial membrane
column, and an octanol−water system. As a result, the quantitative
classification of these scales was successfully carried out, and the
difference in the scales was well characterized. In addition, this vector
approach was extended to the estimation of the contribution of each
constituent of the microemulsions to the lipophilicity scale. Furthermore,
some biological parameters such as skin permeability and the distri-
bution between blood and brain could be predicted by the summation
of the SED vectors obtained from the chromatographic systems. These
results suggest that complex biological systems can be expressed
quantitatively by simple chemical models with their SED vectors.

Introduction
In the passage of drugs throughout the body, the perme-

ability of cell membranes is quite important for the pre-
diction of their in vivo activities from their in vitro results.
Therefore, the lipophilicity of drugs such as the logarithm
of the partition coefficients between 1-octanol and water
(log Pow) has been used as a parameter for the structure
optimization of the drug candidates. Because recent de-
velopments in combinatorial chemistry allowed the syn-
thesis of a large number of compounds as drug candidates,
the demand for high-throughput measurement of biologi-
cally appropriate lipophilicity is steadily increasing.

In our previous study, the lipophilicity scale by electro-
kinetic chromatography (EKC) with the microemulsion of
sodium dodecyl sulfate (SDS), 1-butanol, n-heptane, and a
buffer provided the excellent correlation with log Pow for
neutral compounds with various hydrogen-bonding abili-
ties.1 In quantitative structure-activity relationship stud-
ies (QSAR) for some bioactivities of the drugs, their
lipophilicity from the microemulsion provided a better
correlation with their bioactivities than other lipophilicity
scales.2,3 In addition, it was suggested that the lipophilicity
scales from the microemulsions could be designed by
selecting the constituents and their concentration.4

On the other hand, other lipophilicity scales such as the
logarithm of the capacity factors (log k′) in various chro-
matographic systems including HPLC5-7 and micellar EKC

(MEKC)8-15 have been developed, and they provided di-
verse and unique properties as lipophilicity scales. In
optimizing the structure of drug candidates, these lipophil-
icity scales often provided different results, although they
have viability for high-throughput analysis. Therefore,
selecting the lipophilicity scales suitable for predicting the
bioactivities of drug candidates is quite important for
optimizing their structures. For this purpose, the charac-
terization and classification of these scales were required.

The correlation coefficients of the linear relationship
between two scales have been often used for the comparison
between these two scales. It is, however, well-known that
the correlation coefficient strongly depends on the test set
of solutes. Alternatively, the linear solvation energy rela-
tionship (LSER) analysis has been used for the character-
ization of the retention behaviors of solutes in many
chromatographic media, and the quantitative prediction of
the retention times of the solutes from their structure was
performed.16-18 Recently, this approach was applied to
MEKC to classify the separation selectivity of the mi-
celles19-22 and was also used for evaluating the correlation
between log Pow and migration index (MI) measured by
microemulsion EKC (MEEKC).4

The general equation of LSER based on the solvation
energy descriptors (SED) of solutes is as follows:

where log SP is the dependent variable, i.e., the lipophi-
licity scales (LS) such as log k′ and MI in this case, and
the independent variables are solute descriptors as follows:
R2 is an excess molar refraction, π2

H is the solute dipolar-
ity/polarizability, ∑R2

H and ∑â2 are the solute hydrogen-
bond acidity and basicity, and Vx is the McGowan char-
acteristic volume in units of cm3 mol-1/100.17 The obtained
coefficients of eq 1 were used for characterization of the
lipophilicity scales as well as the prediction of the separa-
tion selectivity in the chromatographic media. To classify
these scales, the ratios of the coefficients such as r/v, a/v,
b/v, and s/v were calculated and compared with those from
another scale. This approach was quite useful to judge the
analogy between two scales. Unfortunately, however, it was
difficult to simultaneously compare the set of the coef-
ficients or coefficient ratios between the plural scales. For
example, Abraham et al. reported on the following scales:4

It was impossible to judge which was similar to octanol-
water, pentanol-water, or the microemulsion. Therefore,
an approach for analyzing these scales simultaneously was
required.
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log SP ) c + rR2 + sπ2
H + a∑R2

H + b∑â2 + vVx (1)

(r/v, s/v, a/v, b/v) )
(0.12, -0.23, 0.01, -0.94) for log Pow

(r/v, s/v, a/v, b/v) )
(0.18, -0.24, 0.00, -0.87) for log P (pentanol-water)

(r/v, s/v, a/v, b/v) )
(0.09, -0.23, -0.02, -0.92) for log k′ (microemulsion)
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Recently, Valko et al. reported on the characterization
of the various HPLC columns using the gradient retention
parameter named chromatographic hydrophobicity indices
(CHI) and their SED coefficients.23 They described that the
principal component analysis and the nonlinear mapping
technique provide an appropriate tool for comparison of
various HPLC partition systems.

In this paper, we demonstrate that the lipophilicity
scales could be characterized using the coefficients of the
five SED terms of the LSER equation as vector components.
The analogy of the lipophilicity scales was evaluated using
the scalar product of the vectors, and the difference in the
five independent factors which affect the lipophilicity scales
was quantified by these unit vectors. This vector approach
was also employed to obtain the actual structural informa-
tion of the microemulsions from the vectors of their
individual constituent system. Furthermore, it was applied
to predict some biological systems according to the sum-
mation of plural vectors from simple chemical systems.

Experimental Section
Capillary electrophoresis was performed using P/ACE 2100

(Beckman, Fullerton, CA). For three microemulsions (ME) and
three micelles (MC), EKC was used for the determination of the
lipophilicity scales from these systems. The experimental details
were described in previous papers.1-3,8 In all cases, 50 mM
phosphate-100 mM borate solution (pH 7.0) was used as the
buffer. The ME and MC solutions employed are listed in Table 1.
Uncoated fused silica capillary with 50-µm i.d. and 27-cm length
(GL Sciences, Tokyo, Japan) was employed. The capillary was
thermostated at 25 °C. The applied voltage was 7.5 kV, and the
detection wavelength was 214 nm. The injection was performed
by pressure (0.5 psi, 2 s). In the cases of the micellar systems, the
values of log k′ were used as lipophilicity scales, while in the cases
of the microemulsions, the migration indexes (MI) were calculated
from the log k′ of test solutes and references.1-3

A Shimadzu LC-10A system (Kyoto, Japan) equipped with an
SPD-10A UV detector (Shimadzu) was used for the measurement
of the lipophilicity scale from immobilized artificial membrane
(IAM) column (4.6-mm i.d., 100-mm length, Resis, Morten Grove,
IL). In this case, log k′ was used as a lipophilicity scale using a
phosphate buffer at pH 7.0 (ionic strength: 0.05) as a mobile phase
and UV 220 nm as a detection wavelength. All tested samples
listed in Table 2 were purchased from Aldrich (Milwaukee, WI),
Sigma (St. Louis, MO), Wako (Osaka, Japan), and Tokyo Kasei
Kogyo (Tokyo, Japan).

The measured log Pow values were obtained from the database
of Mac-logP ver. 1.0.3 (BioByte Corp., Claremont, CA).

Methodology
To obtain the set of the five coefficients (r, s, a, b, v) of

eq 1, a regression analysis is performed using the meas-
ured lipophilicity values and the SED values of solutes
listed in Table 2. The SED coefficient vector of lipophil-

icity scale i (LSi), ωb, is defined as follows:

The analogy between LSi and LSj is expressed as cos θij
between ωbi and ωbj as follows:

Table 1sSystem for Measurement of Lipophilicity Scales

system scale constituents

ME(SDS) MISDS SDS (1.44%)/1-butanol (6.49%)/
heptane (0.82%)/buffera

ME(CTAC) MICTAC CTAC (1.44%)/1-butanol (6.49%)/
heptane (0.82%)/buffera

ME(DTAC) MIDTAC DTAC (1.44%)/1-butanol (6.49%)/
heptane (0.82%)/buffera

MC(SDS) log k′SDS 50 mM SDS in buffera

MC(DTAC) log k′DTAC 50 mM DTAC in buffera

MC(S/B) log k′S/B 25 mM SDS and 25 mM Brij 35 in buffera

OW log POW 1-octanol and water
IAM log k′IAM IAM column with buffera as the mobile phase

a buffer: 50 mM sodium phosphate and 100 mM sodium borate (pH 7.0).

Table 2sSolutes Employed

solvation energy descriptor

sample name R2 π2
H ∑R2

H ∑â2 Vx

pyrimidine 0.606 1.00 0 0.65 0.634
pyrazine 0.629 0.95 0 0.61 0.634
4-methylpyrimidine 0.595 1.00 0 0.63 0.775
methylpyrazine 0.629 0.90 0 0.65 0.775
4,6-dimethylpyrimidine 0.580 1.00 0 0.65 0.916
ethylpyrazine 0.616 0.90 0 0.66 0.916
pyrrole 0.613 0.73 0.41 0.29 0.577
resorcinol 0.980 1.00 1.10 0.58 0.834
n-methylbenzamide 0.950 1.49 0.40 0.71 1.114
methyl 2-furoate 0.560 1.00 0 0.50 0.893
benzyl alcohol 0.803 0.87 0.39 0.56 0.916
1-methylpyrrole 0.559 0.79 0 0.31 0.718
acetanilide 0.870 1.40 0.50 0.67 1.113
p-methoxyphenol 0.900 1.17 0.57 0.48 0.975
furan 0.369 0.53 0 0.13 0.536
p-nitroaniline 1.220 1.91 0.42 0.38 0.990
phenol 0.805 0.89 0.60 0.30 0.775
2,5-dimethylpyrrole 0.639 0.70 0.35 0.44 0.859
benzaldehyde 0.820 1.00 0 0.39 0.873
quinoxaline 1.300 1.22 0 0.59 1.003
ethyl 2-furoate 0.560 1.00 0 0.50 1.033
benzonitrile 0.742 1.11 0 0.33 0.871
acetophenone 0.818 1.01 0 0.48 1.014
thiophene 0.687 0.57 0 0.15 0.641
2-methylfuran 0.372 0.50 0 0.14 0.677
nitrobenzene 0.871 1.11 0 0.28 0.891
p-cresol 0.820 0.87 0.57 0.31 0.916
o-cresol 0.840 0.86 0.52 0.30 0.916
m-cresol 0.822 0.88 0.57 0.34 0.916
p-nitroanisole 0.970 1.29 0 0.40 1.090
anisole 0.708 0.75 0 0.29 0.916
methyl benzoate 0.733 0.85 0 0.46 1.073
benzene 0.610 0.52 0 0.14 0.716
indole 1.200 1.12 0.44 0.31 0.946
propiophenone 0.804 0.95 0 0.51 1.155
p-nitrotoluene 0.870 1.11 0 0.28 1.032
p-chlorophenol 0.915 1.08 0.67 0.20 0.898
2-ethylfuran 0.361 0.50 0 0.14 0.818
p-ethylphenol 0.800 0.90 0.55 0.36 1.057
2-methylindole 1.200 1.05 0.44 0.37 1.087
3-methylindole 1.200 1.06 0.44 0.35 1.087
1-methylindole 1.206 1.03 0 0.37 1.087
butyrophenone 0.797 0.95 0 0.51 1.296
benzofuran 0.888 0.83 0 0.15 0.905
toluene 0.601 0.52 0 0.14 0.857
2-naphthol 1.520 1.08 0.61 0.40 1.144
chlorobenzene 0.718 0.65 0 0.07 0.839
p-propylphenol 0.793 0.88 0.55 0.37 1.198
ethylbenzene 0.613 0.51 0 0.15 0.998
naphthalene 1.340 0.92 0 0.20 1.085
propylbenzene 0.604 0.50 0 0.15 1.139
butylbenzene 0.600 0.51 0 0.15 1.280
anthrathene 2.290 1.34 0 0.28 1.454

ωbi ) (ri, si, ai, bi, vi) (2)

cos θij )
ωbi.ωbj

|ωbi||ωbj|
)

rirj + sisj + aiaj + bibj + vivj

xri
2 + si

2 + ai
2 + bi

2 + vi
2xrj

2 + sj
2 + aj

2 + bj
2 + vj

2

(3)
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Thus, as the correlation is higher, the value of cos θij
becomes closer to 1. When the analogy of LSj (j ) 1, 2, ...)
to LSi is examined, the analogy ranking of LSj (j ) 1, 2,...)
to LSi is established according to cos θij. However, to judge
the analogy between LSi and LSj, cos θij is insufficient and
the deviation of the vector should be also considered. In
this study, D, which is a 95% confidence level of the
coefficients of SED, is used as the deviation of each vector
as follows:

where TINV is the inverse of the Student’s t-distribution
for the specified degrees of freedom, N, and SE is the
average of the standard errors of the coefficients of SED.

Therefore, the analogy between two systems can be
evaluated by the following equation:

where θdi and θdj are the angles of the deviations of ωbi and
ωbj, respectively, as shown in Figure 1. The value of cos(θdi
+ θdj) can be calculated as follows:

In eq 5, when J is greater than zero, these two systems
are found to be analogue systems, and in the opposite case,
these systems should be distinguished. This vector algo-
rithm is based on the commercial UV spectra database
searching program in Shimadzu CLASS-VP Chromatog-
raphy Data System (Kyoto, Japan).

Concerning the difference in each SED factor of the
lipophilicity, the unit vector, ωbu, is employed:

To quantify the difference in each SED factor, the
difference in the components of the unit vectors between
LSi and LSj is evaluated as follows:

Using the vector, the contribution of each SED factor to
the lipophilicity from one system can be compared with that
from other systems.

Results and Discussion
Characterization of Lipophilicity Scales by Vector

Approachesslipophilicity scales measured in this study

are summarized in Table 1. As for the microemulsion (ME)
systems, an anionic ME using SDS as a surfactant and two
cationic MEs using CTAC and DTAC, which have different
hydrocarbon chain length with the same hydrophilic group,
were employed to measure the lipophilicity of 53 com-
pounds listed in Table 2. For micelles (MCs), three different
surfactants, anionic SDS, cationic DTAC, and neutral Brij
35, were used. In these MC systems, the capacity factors
of several hydrophobic compounds could not be measured
because they coeluted with the MC tracers (AO-10-dodecyl
bromide).1,24 Therefore, only 49 compounds were used in
this study. Concerning the IAM column, which has the
zwitterionic phosphatidyl choline moiety as the stationary
phase, 53 compounds were used although analysis was
quite time-consuming because no organic modifier was
used. The results of LSER regression analyses are listed
in Table 3. The correlation coefficients of the analysis were
quite high, except for IAM and MC(S/B). The results of MC-
(SDS) and IAM by others18 are also listed in Table 3 to
compare with our results. For these two MC(SDS)s, little
difference was observed, whereas obvious difference was
observed between two IAM systems. This might be caused
by the difference in the mobile phase, i.e., 10% acetonitrile
was employed in ref 18, whereas no organic modifier was
used in this study. This was supported by another LSER
result from the fast-gradient IAM system recently re-
ported.23 In this study, considering the reasonability, the
results from the IAM system without organic modifier were
used in further study.

Regarding cos θ values between SED vectors, it would
be necessary to indicate what value of cos θ could be
regarded as “good” analogy because this parameter was not
familiar. Therefore, for the eight scales described in Table
1, cos θ values were compared with the corresponding
correlation coefficients (r). As shown in Figure 2, r ) 0.90
corresponds to about cos θ ) 0.96, while this relationship
was only a yardstick and some deviation was observed for
this linear relationship.

Using the LSER coefficients and their D values, analyses
of the SED vectors were performed. In Table 4, analogy
ranking between one system and the other systems are
performed using cos θ. The values of cos θ between three
ME systems were quite close to 1, while the values of cos

Figure 1sTwo-dimensional model space of SED vectors.

D ) TINV(0.05, N) × SE (4)

J ) cos θij - cos (θdi + θdj) (5)

cos(θdi + θdj) ) x(1 -
Di

2

|ωbi|2)(1 -
Dj

2

|ωbj|2) -
DiDj

|ωbi||ωbj|
(6)

ωbu )
ωbu

|ωbu|
) (ru, su, au, bu, vu) (7)

∆ωbu ) (∆ru, ∆su, ∆au, ∆bu, ∆vu) )
(rui - ruj, sui - suj, aui - auj, bui - buj, vui - vuj) (8)

Table 3sResults of LSER Analyses

SED coefficients

systems r s a b v R2

ME(SDS) 0.699 −1.721 −0.129 −6.932 7.474 0.988
S.E. 0.153 0.183 0.119 0.230 0.214
ME(CTAC) 0.909 −1.533 0.688 −7.509 7.301 0.994
S.E. 0.295 0.194 0.202 0.250 0.273
ME(DTAC) 1.262 −1.507 0.700 −7.858 7.572 0.995
S.E. 0.276 0.182 0.189 0.234 0.256
OW 0.537 −0.926 0.019 −3.537 3.794 0.996
S.E. 0.049 0.058 0.038 0.073 0.068
IAM 0.280 −0.225 0.517 −2.306 2.657 0.939
S.E. 0.123 0.148 0.096 0.186 0.173
MC(SDS) 0.497 −0.399 −0.254 −1.669 2.765 0.994
S.E. 0.075 0.057 0.073 0.160 0.167
MC(DTAC) 0.749 −0.430 0.871 −2.667 2.823 0.976
S.E. 0.100 0.098 0.066 0.127 0.121
MC(S/B) −0.094 −0.032 0.615 −2.695 2.519 0.947
S.E. 0.162 0.093 0.123 0.257 0.266
IAM from ref 18 0.81 −0.42 0.69 −2.00 1.87
S.E.
MC(SDS) from ref 22a 0.46 −0.48 −0.16 −1.71 2.81 0.982
S.E. 0.06 0.07 0.04 0.08 0.09
MC(SC) from ref 22a 0.56 −0.74 0.15 −2.49 2.65 0.970
S.E. 0.08 0.1 0.06 0.11 0.12

a The original data were cited from ref 19.
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θ between four different MC systems were not more than
0.98. As for IAM system, higher analogy to systems using
cationic surfactants such as ME(CTAC), MC(DTAC), and
ME(DTAC) was observed. This would be caused by the
cationic choline moiety of the packing material of the IAM
column. In Table 5, the results of analogy judgment using
the J values are indicated. Note that varied D values may
provide the ranking/judgment reversal, which is the phe-
nomenon that the high-ranked vector with larger cos θ and
smaller D value provides J < 0 and low-ranked vector with
smaller cos θ and larger D value provides J > 0 when the
deviations of the LSER regression analyses for these LSs
are varied. Therefore, the accuracy of the analogy judgment

depended on D values of SED vectors employed. The
relationship between cos θ, D, and J values was simulated
using the unit vector of ME(SDS)(LSi) and the unit vectors
of the other scales(LSj). As shown in Figure 3, the ranking/
judgment reversal would occur when Dj of lower-ranked
LSj is large enough. Therefore, the restriction to judge the
analogy between two LSs was required, considering the
purpose of the study. In this case, to prevent the ranking/
judgment reversal, the analogy judgment was restricted
by the rule that if the J value of one of the ranked vectors
is less than zero, the judgment of the lower-ranked vectors
with J > 0 should not be performed, i.e., “Out of Judgment”
should be indicated for the lower-ranked vectors with J >
0. In Table 5, this rule was applied and the ranking/
judgment reversal between some SED vectors was pre-
vented.

Concerning the analogy to OW, so far as we know, the
ME(SDS)1,4 and sodium cholate micelle (MC(SC))12,25 sys-
tems provided the best correlation. In this study, the LSER
data from MC(SC) was cited from the report by Poole et
al.22 Using the data, the vector analyses were performed.
As a result, both ME(SDS) and MC(SC) were each cor-
related with OW, whereas the J value between ME(SDS)
and MC(SC) indicated that the analogy between them was
not found despite a large cos θ value (0.9947). From the J
values, two cationic ME systems were different from the
anionic ME(SDS) although the cos θ values between these
three systems were quite close to 1. The relationship
between three MEs, OW, and MC(SC) on the basis of their
J values is roughly illustrated in Figure 4. ME(SDS) should

Table 4sAnalogy Ranking between Lipophilicity Scales i and j

LSi
analogy
ranking ME (SDS) ME (CTAC) ME (DTAC) OW IAM MC (SDS) MC (DTAC) MC (S/B) MC (SC)a

1 OW ME (DTAC) ME (CTAC) ME (SDS) ME (CTAC) OW IAM IAM OW
0.9992 0.9996 0.9996 0.9992 0.9900 0.9736 0.9898 0.9877 0.9979

2 ME (CTAC) OW OW MC (SC) MC (DTAC) ME (SDS) ME (DTAC) ME (CTAC) ME (DTAC)
0.9953 0.9964 0.9960 0.9979 0.9898 0.9734 0.9842 0.9796 0.9960

3 MC (SC) ME (SDS) MC (SC) ME (CTAC) ME (DTAC) MC (SC) ME (CTAC) ME (DTAC) ME (CTAC)
0.9947 0.9953 0.9960 0.9964 0.9896 0.9692 0.9820 0.9770 0.9952

4 ME (DTAC) MC (SC) ME (SDS) ME (DTAC) MC (S/B) IAM MC (SC) MC (DTAC) ME (SDS)
0.9941 0.9952 0.9941 0.9960 0.9877 0.9570 0.9800 0.9699 0.9947

LSj 5 IAM IAM IAM IAM OW ME (DTAC) OW ME (SDS) IAM
(cos θij) 0.9818 0.9900 0.9896 0.9829 0.9829 0.9569 0.9718 0.9652 0.9822

6 MC (SDS) MC (DTAC) MC (DTAC) MC (SDS) MC (SC) ME (CTAC) MC (S/B) OW MC (DTAC)
0.9734 0.9820 0.9842 0.9736 0.9822 0.9561 0.9699 0.9630 0.9800

7 MC (DTAC) MC (S/B) MC (S/B) MC (DTAC) ME (SDS) MC (DTAC) ME (SDS) MC (SC) MC (SDS)
0.9653 0.9796 0.9770 0.9718 0.9818 0.9355 0.9653 0.9572 0.9692

8 MC (S/B) MC (SDS) MC (SDS) MC (S/B) MC (SDS) MC (S/B) MC (SDS) MC (SDS) MC (S/B)
0.9652 0.9561 0.9569 0.9630 0.9570 0.9126 0.9355 0.9126 0.9572

a Data were cited from ref 22; original data were reported by ref 19.

Figure 2sRelationship between cos θ and r for eight lipophilicity scales
described in Table 1.

Table 5sAnalogy Judgment by J Valuesa

system
ME

(SDS)
ME

(CTAC)
ME

(DTAC) OW IAM
MC

(SDS)
MC

(DTAC)
MC

(S/B)
MC

(SC)b

ME(SDS) O
ME(CTAC) × O
ME(DTAC) × O O
OW O × × O
IAM × × × × O
MC(SDS) × × × × × O
MC(DTAC) × × × × × × O
MC(S/B) × × × × 4 × × O
MC(SC)a × 4 4 O × × × × O

a J g 0: O, J < 0: ×, Out of Judgment: 4. When either the analogy of
LSi to LSj or the analogy of LSj to LSi was out of judgment, 4 was indicated.
b Data were cited from ref 22; original data were reported by ref 19.

Figure 3sRelationship between cos θij, Dj, and J values using the SED unit
vectors of ME(SDS) (ωb i) and simulated unit vectors (ωb j). ωb i ) (0.015, 0.018,
0.012, 0.022, 0.021), Di ) 0.035.
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be, in the strict sense, distinguished from MC(SC) and
cationic ME systems, while Poole et al. classified ME(SDS)
and MC(SC) as the same group.22

Next, the unit vectors of the SED vectors were calculated
to evaluate the difference in each independent descriptor
of these LSs. Using the vector approach, it was quite easy
to analyze plural scales simultaneously, and the contribu-
tion of each SED between all scales could be compared. The
results of the unit vector analysis are shown in Figure 5.
Note that this approach was based on the assumption that
these five descriptors were almost equivalent to each other.
This assumption would be valid because LSER descriptors
of solutes had been originally adjusted to be almost the
same order, and no artifact caused by the LSER descriptors
has been reported so far.16,17,26,27 Additionally, because the
results were used only for the comparison in the same
descriptor between the different scales, the assumption
would not cause inappropriate evaluation. As shown in
Figure 5a, among the components of the unit vector, the
au component, i.e., the contribution of the hydrogen-bond
basicity of the systems or hydrogen-bond acidity of the
solutes to their lipophilicity scale was the most diverse
between the employed scales. The scale with the most
positive contribution of the au component was MC(CTAC),
and the most negative one was MC(SDS). On the other
hand, the bu component was almost independent of the
scales. These three MEs, OW, and MC(SC) systems pro-
vided almost the same values in all components, whereas
IAM, MC(SDS, DTAC, and S/B) provided different values.
The difference in each component of the unit vectors
between OW and other scales is shown in Figure 5b. As
expected from Figure 4, the au and ru components of MC-
(SC) were larger than those of OW, while the au and ru
components of ME(SDS) were smaller than those of OW.
The bu, vu and su components of MC(SC) were smaller than
those of OW, while the bu, vu and su components of ME-
(SDS) were larger than those of OW.

As a consequence, the analogy between these employed
scales and the difference in the contribution of each
descriptor to the lipophilicity scales were well quantified
by the SED vectors and their unit vectors, respectively.

Application of These Vector ApproachessThe ap-
proach using the SED vectors and their unit vectors from
various chemical two-phases partition models would be
useful to express other scales using plural and diverse
vectors because the independent vectors are suitable to
describe another vector by addition or subtraction of these
vectors with a certain ratio. Two typical examples are
shown below:

(1) Structural Information of Microemulsion from
Each Constituent VectorsIt was previously reported
that the partition behaviors of solutes in ME(SDS) could
be expressed by the behavior in each constituent system
such as water-surfactant, water-alcohol, and water-
alkane systems.4 In this study, the same results were
obtained using this vector approach for not only ME(SDS)
but also ME(DTAC) as shown in Tables 6 and 7. In this
approach, reproducible MI could be directly used as the
lipophilicity scale, while MI had to convert to irreproducible
log k′ in a previous study because the lipophilicity scales
such as MI and log P were not equivalent (e.g., log P )
0.518MI - 0.854 for ME(SDS)).1 As a result, ME(DTAC)
as well as ME(SDS) could be expressed by the summation
of the SED vectors of the constituents with actual mixing
molar ratio. In addition, the vector approach allowed the

Figure 4sRelationship between ME(SDS), OW, MC(SC), ME(DTAC), and
ME(CTAC) in two-dimensional model space of SED vectors. The angles and
the length of these vectors are not accurate, because the actual space of
these vectors are five-dimensional.

Figure 5s(a) Component of unit vectors. (b) Difference in the unit vector of
OW from those of other systems. The dot lines indicate OW.
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regression analyses using the mixing ratio of the constitu-
ents as a variable parameter to obtain the minimum values
of (1 - cos θ). The comparison of the obtained regressed
mixing ratio with the actual ones would provide the
structural information of the microemulsion. As shown in
Table 6, the contribution of SDS was more suppressed than
that expected by the actual mixing ratio. Interestingly,
however, in the case of ME(DTAC), the contribution of
DTAC in the mixing ratio was more increased than the
actual one. This would be caused by the influence of the
bulkiness of the hydrophilic portion of the surfactants on
the surface-shielding effect of 1-butanol.1,2 A similar phe-
nomenon was observed in the case of micelles.8 Although
ME(SDS) and ME(DTAC) provided the large cos θ value,
the analogy was not found according to the J value, as
previously shown. The results of the regressed mixing ratio
in ME(SDS) and ME(DTAC) supported the reasonability
of the J value analysis, and this approach would be useful
to investigate complex partition systems such as micro-
emulsions.

(2) Prediction of Biological Systems from Chemical
Systemssit is important to predict the scales from complex
biological systems whose lipophilicity scales are difficult
or time-consuming to measure with high reproducibility.
Using the vector approach, the SED vectors from the
biological systems would be promptly expressed by the
vectors from some chemical systems, although the partition
behavior of the minimum test set of solutes in the biological
systems had to be measured to obtain the SED coefficients.
In this study, two biological systems, skin and blood-brain
barrier (BBB), were investigated.

(2.1) SkinsWater/skin partition coefficients (Km) of some
alcohols and steroids (22 compounds) were measured using
excised human skin, and the LSER equation was calculated
by Abraham et al.26 as follows:

In this case, R was removed because each descriptor of
the compounds employed was not independent. Using the
four SED coefficients, the analogy ranking of various
chemical systems to the skin system was evaluated (Table
8). Interestingly, the skin system showed the high-ranked
analogy to cationic IAM, cationic ME(CTAC), and ME-
(DTAC). In this case, the analogy judgment was not
performed because the D value of the skin SED unit vector
was quite large (0.06). Next, the analysis of their unit
vectors was performed (Figure 6). As a result, the au, bu,
and vu components of the skin system were between IAM
and others (cationic MEs). Thus, the skin system was
examined to be expressed by IAM and ME(CTAC). To
obtain the ratio of IAM and ME(CTAC), a regression
analysis for the unit vector of the skin system using the
ratio as a variable parameter was performed, and the
results are shown as follows:

The value of cos θ was improved in comparison with that
by each single vector. Thus, the skin permeation of the drug
candidates would be efficiently predicted by the two
chromatographic systems such as ME(CTAC) and IAM
with higher reproducibility, although the preliminary
LSER regression analysis was not accurate enough to judge
the analogy between the observed skin vector and the
regressed skin vector.

Table 6sEstimation of Lipophilicity Scales from ME(SDS) by Its Constituents

SED coefficients ME constituent ratioa

system r s a b v actual regressed

MC(SDS) 0.497 −0.399 −0.254 −1.669 2.765 0.050 0.000
water−alkane 0.65 −1.66 −3.52 −4.82 4.28 0.081 0.030
water−pentanol 0.58 −0.79 0.02 −2.84 3.25 0.869 0.970
ME (observed) 0.699 −1.721 −0.129 −6.932 7.474
ME (calcd with actual ratio) 0.582 −0.842 −0.283 −2.941 3.310
ME (calcd with regressed ratio) 0.582 −0.816 −0.088 −2.900 3.281

analogy cos θ

ME (obs) and ME (calcd with actual ratio) 0.9965
ME (obs) and ME (calcd with regressed ratio) 0.9976

a These ratios were expressed as molar ratio. The regressed ratio was calculated from the regression analysis described in the text.

Table 7sEstimation of Lipophilicity Scales from ME(DTAC) by Its Constituents

SED coefficients ME constituent ratioa

system r s a b v actual regressed

MC(DTAC) 0.749 −0.430 0.871 −2.667 2.823 0.050 0.671
water−alkane 0.65 −1.66 −3.52 −4.82 4.28 0.081 0.103
water−pentanol 0.58 −0.79 0.02 −2.84 3.25 0.869 0.226
ME (observed) 0.909 −1.533 0.688 −7.509 7.301
ME (calcd with actual ratio) 0.594 −0.842 −0.224 −2.992 3.312
ME (calcd with regressed ratio) 0.701 −0.638 0.227 −2.928 3.069

analogy cos θ

ME (obs) and ME (calcd with actual ratio) 0.9897
ME (obs) and ME (calcd with regressed ratio) 0.9963

a These ratios were expressed as molar ratio. The regressed ratio was calculated from the regression analysis described in the text.

log Km ) -(0.03 ( 0.14) - (0.37 ( 0.11)π2
H +

(0.33 ( 0.15)∑R2
H - (1.67 ( 0.16)∑â2 +

(1.87 ( 0.17)Vx (9)

n ) 22, r2 ) 0.943, sd ) 0.166, F ) 70

ωbu(skin) ) 0.746ωbu(ME(CTAC)) + 0.252ωbu(IAM) (10)

cos θ ) 0.9960
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(2.2) Blood-Brain BarriersYoung et al.28 and Abraham
et al.27 determined the distribution coefficients between
blood and brain (KBB) for 57 compounds, and the following
LSER equation was found:

Using these SED coefficients, the analogy ranking of
various chemical systems was investigated (Table 9). In
this case, the values of cos θ was not so close to 1 except
the case of AW. In addition, the analogy judgment was not
also performed because the D value of the BBB SED unit
vector was 0.10. Next, the combination of AW with another
system was employed to express the BBB system. The ratio
of the two vectors was calculated by regression analysis
using the ratio as a variable parameter to obtain the
minimum value of (1 - cos θ) between the regressed and
actual vectors from the BBB. The obtained values of cos θ
are also listed in Table 9. As a result, the best combination
for the BBB system was MC(SDS) and AW, and the cos θ
was slightly improved as follows:

This equation was not sufficient to express the complex
BBB system by the simple chemical systems because the
su and au components of the unit vector of BBB were
smaller than those of other 10 unit vectors employed in
this study (Figure 7). It would be necessary to search other
simple chemical scales with smaller su, au, and vu and
larger ru and bu components as well as to improve the
accuracy of the LSER regression analysis for log kBB.

Conclusions

We developed the vector approaches to treat LSER
analysis data more efficiently and quantitatively. This
allows us to characterize various lipophilicity scales simul-
taneously. Using the vector approach, not only a complex
chemical system such as a microemulsion, but also biologi-
cal systems such as the skin and BBB, could be expressed
by some simple chemical systems, although some improve-
ment on the accuracy of the biological SED vectors would
be required. These approaches would facilitate the selection
of the chemical systems suitable for the prediction of the
hydrophobic interaction of drugs in the body.
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