
Partition coefficients of drugs between lipid bilayer vesi-
cles (liposomes) and water provide fundamental information
relating to the drug interactions with biomembranes. Of par-
ticular interests are thermodynamics of the partitioning
process into lipid bilayer membranes. Most drugs usually
partition into cell membrane by passive diffusion. Thus, ther-
modynamics can reveal not only essential driving forces of
drug partitioning into lipid bilayer membranes but also help-
ful information for their pharmacodynamic and pharmacoki-
netic understanding. The thermodynamics of the drug parti-
tioning has been studied in n-octanol/water systems and lipo-
some/water systems.1—6) However, n-octanol/water system is
a too simplified biological model to study the drug-mem-
brane interactions which are important for membrane trans-
port and physiological activity of drugs. It is suggested that
the partition coefficients obtained with liposome/water sys-
tems are superior to those derived from non-polar solvent/
water systems in quantitative structure–activity relationship
(QSAR) applications.7—9)

By using the liposome/water system, and applying second-
derivative spectrophotometry, we previously reported the 
partition coefficients of widely used psychotropic phenoth-
iazine drugs, chlorpromazine and promazine.10) Further, the
effects of liposome size and cholesterol content on the phe-
nothiazine partition coefficients in the liposome/water system
were clarified.11) In this study we examined the thermody-
namics of the partitioning of trifluoperazine (TFPZ), tri-
flupromazine (TFZ), chlorpromazine (CPZ) and promazine
(PZ), into sonicated phosphatidylcholine (PC) small unil-
amellar vesicles (SUV) also by using second-derivative 
spectrophotometry. It has been recognized that the second-
derivative spectrophotometry can eliminate the effect of

background signals12,13) and be usefully applicable to the de-
termination of the partition coefficients of drugs between
lipid vesicle and water10) without the troublesome separation 
procedures which may disturb the equilibrium states and 
may cause fluctuation in the temperature of sample
solutions.14—16) The use of SUV as a biomembrane model in
the thermodynamic studies is considered to be more suitable
than multilamellar liposomes that have been widely used
where separation procedures were employed.

Experimental
Calculation of Molar Partition Coefficients The molar partition coef-

ficient (Kp) of phenothiazine between the PC SUV and water is defined
as,10,17)

(1)

where [Pm] and [PW] represent the concentrations of phenothiazine in the PC
bilayer of SUV and water, respectively, and [Pt]5[Pm]1[PW], and [L] and
[W] are molar concentrations of PC in SUV and water (55.3 M at 37 °C), re-
spectively.

If the background signal effect based on the PC SUV is eliminated in the
second derivative spectra, the derivative intensity difference (DD) of phe-
nothiazine before and after the addition of PC SUV at a specific wavelength
is proportional to the concentration of phenothiazine in the PC SUV. As de-
scribed in a previous paper,10) we can get Eq. 2 from Eq. 1,

(2)

where D Dmax is the maximum D D value assuming all phenothiazines are
partitioned in the PC SUV. The values of K p and D Dmax can be calculated
from the experimental values of [L] and DD by applying a non-linear least-
squares calculation to Eq. 2. The calculation was performed by a personal
computer.10)

Calculations of Thermodynamic Parameters In order to calculate

∆
∆

D
K D

5
1

P max

P

[L]

[W] K [L]

Kp
m t

W t

([P ] / [P ]) / [L]

([P ] / [P ]) / [W]
5

1056 Chem. Pharm. Bull. 51(9) 1056—1059 (2003) Vol. 51, No. 9

∗ To whom correspondence should be addressed. e-mail: kitamura@mb.kyoto-phu.ac.jp © 2003 Pharmaceutical Society of Japan

Thermodynamics of Partitioning of Phenothiazine Drugs between
Phosphatidylcholine Bilayer Vesicles and Water Studied by 
Second-Derivative Spectrophotometry

Shigehiko TAKEGAMI, Keisuke KITAMURA,* Tatsuya KITADE, Ai KITAGAWA, and Kikuko KAWAMURA

Kyoto Pharmaceutical University; 5 Nakauchicho, Misasagi, Yamashina-ku, Kyoto 607–8414, Japan.
Received April 28, 2003; accepted June 25, 2003

The partition coefficients (Kps) of phenothiazine drugs (trifluoperazine, triflupromazine, chlorpromazine
and promazine) between phosphatidylcholine (PC) small unilamellar vesicles (SUV) and water were determined
over the temperature range of 10—40 °C by a second-derivative spectrophotometric method. The second deriva-
tive spectra of each drug solution containing various amounts of SUV showed distinct derivative isosbestic points
confirming the entire elimination of the residual background signal effects of the SUV. The Kp values were calcu-
lated from the derivative intensity change of the drugs induced by the addition of SUV to the drug buffer solu-
tions (pH 7.4) and obtained with the R.S.D. below 10% (n53). The van’t Hoff analysis of the temperature depen-
dence of Kp values revealed negative DD Hw→l and positive DD Sw→l, suggesting an enthalpy/entropy driven mecha-
nism for the phenothiazine partitioning. The negative DD Hw→l implies that the electrostatic interaction, positively
charged alkyl amino groups of phenothiazine drugs with negatively charged phosphate groups on the surface of
PC SUV, partly contributes to the partitioning. The existence of halogen atom(s) on the phenothiazine ring at po-
sition C-2 enhanced the Kp value (H,Cl,CF3). This enhancement can be accounted for by an increase in the
DD Sw→l value (H,Cl,CF3), and the DD Sw→l increase is considered to be enhancement of disorder in the hydropho-
bic acyl chain regions of PC SUV membranes derived from the phenothiazine ring insertion and thus depends on
the bulkiness of the substituent. The enthalpy–entropy correlation analysis yielding a good linear relationship
also suggests that the phenothiazine drugs studied have identically an enthalpy–entropy compensation mecha-
nism for the partitioning.
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thermodynamic parameters, the molar partition coefficients, Kp(mol), of
phenothiazine drugs are converted to the Kp(vol) based on the membrane
and buffer volumes, i.e., Kp(mol) is divided by 42 as Kp(mol)/425Kp(vol).17)

The free energy of partitioning (DGw→l) is related to Kp(vol) by Eq. 3,

DGw→l52RT ln Kp(vol) (3)

where R is the gas constant (8.314 J ·mol21 K21) and T is the temperature in
Kelvin.

The temperature dependence of partitioning was used to obtain the en-
thalpy (DHw→l) of the process which was determined from the slope of the
van’t Hoff plot of ln Kp(vol) vs. 1/T as below,

(4)

The change in entropy (DSw→l) at a given temperature is calculated from
Eq. 5 using the obtained values of DHw→l and DGw→l:

(5)

Reagents TFPZ dihydrochloride, TFZ hydrochloride, CPZ hydrochlo-
ride and PZ hydrochloride (Fig. 1) were purchased from Sigma and used
without further purification. The buffer used was 50 mM NaCl–10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes buffer, pH 7.4). Egg
L-a-PC of 99% purity was purchased as a 2% (w/v) chloroform solution
from Avanti Polar-Lipids Inc. (Alabaster, AL, U.S.A.). The purity of PC was
confirmed by thin-layer chromatography and it showed a single spot.

PC SUV Preparation By using a rotary evaporator and then a vacuum
pump, 4.5 ml of the 2% PC solution was dried. To the dried PC 5 ml of the
buffer were added so as to yield ca. 24 mM PC concentration and the mixture
was vortexed to produce multilamellar vesicles. Then SUV were prepared by
the sonication method as previously reported.10)

SUV size distribution was determined by a dynamic light scattering
method using a submicron particle analyzer (Nicomp Model 380, Particle
Sizing Systems, Santa Barbara, CA, U.S.A.),11) and confirmed to be that the
diameters of more than 90% of the vesicles were in the range of 20—30 nm.

Phosphorus Determination The exact PC concentration in the SUV
suspensions was calculated from phosphate analysis according to the phos-
phovanadomolybdate method.18)

Measurements of Absorption and Second Derivative Spectra To
each of several 10 ml volumetric flasks, an appropriate amount of phenoth-
iazine stock solution was added so that the final drug concentration in the
sample solutions became 15 mM. Then suitable amounts of the SUV suspen-
sions were added to the flasks, and the buffer was further added to volume.
Each flask was shaken for a short time and incubated at a given temperature
in a temperature-regulated water bath for 30 min. Then an absorption spec-
trum of the sample solution with a wavelength interval of 0.1 nm was mea-
sured against the reference solution by using a photodiode array spectropho-
tometer (Shimadzu MultiSpec-1500) equipped with a temperature-regulated
cell holder in a 1-cm light-pass length cuvette at the given temperature.

The second derivative spectra based on the Savitzky–Golay method19)

were calculated by a personal computer.20) The cubic polynomial convolu-
tion of 17 points and the wavelength interval (Dl) of 0.5 nm was used in the
calculation.

Results and Discussion
Absorption and Second Derivative Spectra The ab-

sorption spectra of TFPZ in the sample solutions containing
various amounts of SUV at 37 °C are shown in Fig. 2 as an
example. The absorption maximum of TFPZ exhibits a
bathocromic shift according to the increase in PC concentra-
tion indicating the partition of TFPZ to the PC bilayer of
SUV, but any isosbestic point cannot be observed. It is obvi-
ous that the counterbalance of the background signals of
SUV in the sample and reference beams is incomplete, de-
spite the fact that the solutions in the sample and reference
cuvettes were prepared to contain the same amount of SUV.

The second derivative spectra calculated from the absorp-
tion spectra in Fig. 2 are shown in Fig. 3. Similarly to Fig. 2,
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Fig. 1. The Chemical Structures of Phenothiazine Drugs Studied

Fig. 2. Absorption Spectra of 15 mM TFPZ in Hepes Buffer Solutions
Varying Concentrations of SUV at 37 °C

PC concentration (mM): (1), 0; (2), 0.03; (3), 0.05; (4), 0.08; (5), 0.11; (6), 0.16; (7),
0.24; (8), 0.32; (9), 0.43.

Fig. 3. Second Derivative Spectra of TFPZ Calculated from the Absorp-
tion Spectra in Fig. 2

The numbers in the figure are the same as in Fig. 2.



a bathocromic shift is observed with an increase in the PC
concentration. Three derivative isosbestic points are clearly
observed in Fig. 3. The existence of the derivative isosbestic
points indicates that the influences of the residual back-
ground signal of SUV are entirely eliminated in the second
derivative spectra, and that TFPZ exists in two states,21) i.e. in
the bulk water and the PC bilayer of SUV. Similar results
were obtained for TFZ, CPZ and PZ.

Calculated Kp Values The DD values for TFPZ, TFZ,
CPZ and PZ were obtained from the derivative values at the
wavelength of 266, 265, 262 and 258 nm, respectively. Using
the D D values, the Kp and D Dmax values of the each phenoth-
iazine drug at each temperature were calculated. The calcu-
lated Kp values are summarized in Table 1 and their R.S.D of
below 10% confirms a good precision of the second deriva-
tive method.

In Fig. 4, the fractions of TFPZ partitioned in the PC bi-
layer of SUV at several temperatures are shown as a plot of
the D D/D Dmax values versus PC concentration. Solid lines
represent theoretical curves calculated from Eq. 2 using the
obtained Kp and D Dmax values. Each experimental value
shows a good fit with the calculated curves, indicating accu-
racy of the Kp values obtained. The Kp values of TFZ, CPZ
and PZ also showed similar results.

Temperature Dependence of Partitioning The thermo-
dynamic parameters for the phenothiazine partitioning from
bulk water phase to the PC bilayer of SUV were calculated
from van’t Hoff analysis based on the temperature depen-
dence of Kp value, and the results were shown in Fig. 5 and

Table 2. As seen in Fig. 5, the van’t Hoff plot for each phe-
nothiazine drug revealed a linear line with a positive slope.
The positive slopes, i.e., negative D Hw→l values show that the
partitioning of phenothiazine drugs is an exothermic process
and it can be considered that the electrostatic interaction,
positively charged alkyl amino groups of the phenothiazine
drugs and negatively charged phosphate groups on the sur-
face of PC SUV, partly contributes to the partitioning.

Meanwhile, the D Sw→l values are positive as seen in Table
2. Thus, being associated with negative D Hw→l and positive
D Sw→l, the partitioning of phenothiazine drugs into PC bi-
layer membranes is considered to be an entropy/enthalpy-dri-
ven reaction.22) This result is consistent with the result of a
thermodynamic study on the interactions of phenothiazine
drugs with erythrocyte ghost membranes performed by a mi-
crocalorimetry.23) Therefore, it has been confirmed that SUV
is far preferable for a biomembranes model than multilamel-
lar vesicles also in thermodynamic studies.1)

The D Sw→l value was enhanced by introducing halogen
atom(s) at position C-2 on the phenothiazine ring (H,
Cl,CF3) as seen in Table 2. This can be considered as that
DSw→l reflects the increase of motions of acyl chain region in
the PC bilayer membranes, i.e., the insertion of phenoth-
iazine ring as a result of the partitioning will give some per-
turbations to the motions of acyl chain regions and the 
extent of the perturbation will be in order of H,Cl,CF3.
The DSw→l values of TFPZ and TFZ show similarly about
60 J ·mol21 K21, though the Kp values were considerably dif-
ferent, which can be explained that both TFPZ and TFZ have
a trifluoromethyl group and thus have similar interactions
with the acyl chain regions of the PC bilayer membranes.

From enthalpy-pentropy correlation analysis of plotting
DSw→l against DHw→l as in Fig. 6, a good linear relationship
is confirmed by an excellent correlation coefficient (r5
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Table 1. The Temperature Dependence of Kps of Phenothiazine Drugs be-
tween PC SUV and Buffer (pH 7.4)

Temperature
Kp (31025)a)

(°C)
TFPZ TFZ CPZ PZ

10 6.0260.12 3.8060.18 3.1860.09 1.5060.14
20 5.7760.12 3.5560.21 2.8060.03 1.1860.09
30 5.3260.26 3.2760.10 2.3660.09 0.8260.07
37 5.2060.20 3.4160.30 2.3760.02 0.7960.03
40 5.0160.38 2.9460.08 2.1060.05 0.6960.04

a) Each value is expressed as the mean6S.D. (n53).

Table 2. The Thermodynamics of Partitioning of Phenothiazine Drugs in
PC SUV at pH 7.4 and 37 °C

Phenothiazine
D Hw→l DGw→l D Sw→l

(kJ/mol) (kJ/mol) (J/mol ·K)

TFPZ 24.50 224.29 63.82
TFZ 25.01 223.20 58.69
CPZ 29.48 222.26 41.23
PZ 218.71 219.42 2.31

Fig. 4. Fraction of TFPZ in the PC Bilayer of SUV as a Function of PC
Concentration at Different Temperatures

The solid lines show the theoretical curves calculated from Eq. 2 using the experi-
mental values of Kp and DDmax. The symbols are the experimental values: (d) 10, (j)
20, (m) 30, (r) 37, (3) 40 °C.

Fig. 5. Van’t Hoff Plots of (s) TFPZ, (h) TFZ, (n) CPZ and (e) PZ in
PC SUV at pH 7.4



0.999), showing strong entropy-enthalpy compensation. The
result also indicates that the phenothiazine drugs studied
have an identical interaction mechanism with the PC bilayer
membranes.24)

In conclusion, our results give some useful information for
the consideration with respect to the phenothiazine drug
transport process into biomembranes. Also, it can be empha-
sized that the second-derivative spectrophotometric method
can enable to use SUV in thermodynamic studies of the drug
interactions with lipid bilayer membranes without any pertur-
bations on the equilibrium state and temperature of the sam-
ple solutions. It is also elucidated that to use SUV as a bio-
membrane model is far preferable than MLV which is forced
to use in the methods employing separation procedures.
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Fig. 6. Correlation between DHw→l and DSw→l for the Phenothiazne Drugs
Partitioning into PC Bilayer of SUV


