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Introduction

Depression is one of the most widespread mental 
disorders among humanity and up to 15% of the population 
might experience a series of symptoms ranging from the 
persistent state of low mood to suicidal behaviors during 
their lifetime [1]. The discovery of SSRIs (selective 
serotonin reuptake inhibitors) in the late 1980s marked a 
milestone in the therapeutic orientation towards depressive 
disorder [2]. In recent times, SSRIs have emerged as the 
most prescribed antidepressants [3] since they have better 
efficacy, tolerability, lower cost and fewer side effects 
compared to the old generation depression-resistant 
drugs [4, 5]. Fluoxetine is a well-known antidepressant, 
which belongs to the SSRI group that serves as a highly 
active serotonin reuptake blocker in vitro and in vivo by 
impeding the action of serotonin transporter [2, 6, 7] 
(Fig. 1). The therapeutic mechanism of fluoxetine is closely 
associated with TREK-1 ion channel protein, which is 
highly distributed in the central nervous system and the 
cell membrane [8-11]. Fluoxetine blocks the activity of 
the TREK-1 channel by truncating the C-terminal domain, 
which causes the loss of channel function, resulting in the 
depression-resistant phenotype [12, 13]. Being a lipophilic 
compound, fluoxetine must enter the interior of the lipid 
membrane to perform the inhibition [14]; hence, the study 
of fluoxetine partitioning into lipid bilayer could provide a 
better understanding of how such a common antidepressant 
exerts its therapeutic effect.

Liposomes are artificially prepared vesicles consisting 
of natural and synthetic phospholipids and are widely used 
as cell membrane mimicking platforms to study the drug 
delivery systems [15-17]. Drug partitioning, a powerful 
indicator to evaluate the physical activity of drugs towards 
lipid membranes is obtained by liposome/water partition 
coefficient (Kp) of drugs. In previous studies, the partition 
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In this study, the partitioning of fluoxetine, an 
antidepressant of selective serotonin reuptake inhibitor 
class into a mixture containing anionic and zwitterionic 
lipid vesicles was evaluated using second derivative 
spectrophotometry. The partition coefficients (Kp) of 
fluoxetine into the large unilamellar vesicles (LUVs) 
composed of zwitterionic 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) containing 0 mol%, 10 mol%, 
20 mol%, and 30 mol% of anionic 1,2-dipalmitoyl-sn-
glycero-3-phosphoglycerol (DPPG) were measured in 
HEPES buffer at pH 7.4. The result revealed that when 
more negatively charged lipids incorporated into the 
LUVs, the condensing effect on the binary phospholipid 
membrane impeded the partitioning of positively 
charged fluoxetine, resulting in the decrease in the Kp 
values. This study adds a deeper understanding of how 
antidepressant fluoxetine exerts its effect on anionic-
containing biological membranes, shedding light onto 
drug delivery systems in the pharmaceutical field.
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coefficient of drugs was determined by different methods 
such as phase separation, hygroscopic desorption and the 
octanol/water system [18-21]. As the lipid vesicles cause 
high apparent background signals derived from the light 
scattering, these techniques aimed to separate drugs and 
vesicle suspensions into aqueous and lipid phases [22]. 
However, they were either time-consuming, disturb the 
equilibrium state of sample solutions, and more importantly 
were too simplified to study the drug and membrane 
interactions or might introduce a huge discrepancy between 
Kp values of different drugs [23, 24]. Later, the second 
derivative spectrophotometry was employed as a newly 
developed method to eliminate the background signals from 
the absorption spectra without the old methods’ drawbacks 
[25-27]. 

The lipid bilayer, a core component of the cell membrane, 
is made of two layers of lipid molecules and each molecule 
has a hydrophilic headgroup and two hydrophobic tails. The 
properties of highly dominant lipids in the cell membrane 
have been in the spotlight for a certain time. Despite the fact 
that charged lipids are seemingly minor but incident to many 
crucial biologically relevant processes, the understanding of 
how they function solitarily and collectively with other cell 
components is still at the tip of the iceberg [28]. Consequently, 
examining the role of charged lipids especially the negative 
ones in form of liposomes mimicking the cell membranes 
has risen as a great biological interest in recent times [28]. 
Heterogeneities in lipid membranes comprising of negatively 
charged lipids have recently attracted considerable attention 
[29] including lipid-protein interactions e.g. the interplay 
of peripheral proteins with phosphatidylinositol (PI) [30], 
the interactions of phosphatidylserine (PS) with the Tim4 
protein characterized by all-atom molecular dynamics data 
combined with interfacial X-ray scattering and membrane 
binding essays [31], and lipid-cholesterol interactions e.g. 
the behaviors of cholesterol towards the PC/PS asymmetric 
model bilayers [32]. However, the interplay between mixed 
protein-free lipid bilayers comprising of a negatively charged 
lipid and nanosized molecules, like drugs, are considerably 
few [28]. For the above reasons, this study aimed to 
examine the partitioning of fluoxetine, a positively charged 
drug molecule, into a mixture of anionic-zwitterionic 
lipid bilayers via derivative spectrophotometry under the 
viewpoint of electrostatic interactions. By incorporating 
charged lipids into the membrane components, the lipid-
water interface region might unveil some interesting 
features. The partition coefficients of fluoxetine into LUVs 
composed of pure zwitterionic 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) and DSPC containing 10 mol%, 
20 mol%, 30 mol% of anionic 1,2-dipalmitoyl-sn-glycero-
3-phosphoglycerol (DPPG) (Fig. 1) were determined using 
second derivative spectrophotometry. Phosphatidylcholine 
(PC) is the most abundant constituent of cell membranes 
which has a zwitterionic headgroup [33, 34]. Though the 
anionic phosphatidylglycerol (PG) is reported to account 
for a minority in cells, it is commonly representative of 
the charged lipids [29]. PG is fairly distributed in the 
pulmonary surfactant [35] and the thylakoid membrane of 
the chloroplast [36], it also has a part in ATP production 
via the cooperative function with the pulmonary surfactant 
proteins and cardiolipin [37, 38]. This study focused on the 
partitioning of fluoxetine in the mixtures of DSPC:DPPG 
bilayers at a molar ratio of 7:3, which is the ideal molar 
fraction between the zwitterionic and anionic lipid species 
in the lung surfactant [38]. DSPC and DPPG transition 
temperatures are 550C and 410C, respectively; thus at the 
experimental temperature of 370C, they both remain in the 
solid-gel state.

Fig. 1. Molecular structures of fluoxetine, DSPC and DPPG.

With pKa 10.1, fluoxetine carries a net positive charge 
at pH 7.4 [27]. Thus, at this physiological pH the presence 
of the anionic DPPG in the DSPC bilayer would induce 
the electrotratic interaction between the drugs and the 
lipid bilayers, affecting the partitioning of fluoxetine into 
the lipid bilayers. There were few works paid attention 
to the interaction of fluoxetine with LUVs by differential 
scanning calorimetry and spin labeling EPR techniques 
[39-42] but still, the insight of fluoxetine partitioning into 
LUVs under the electrostatic perspective has not been 
profusely investigated. Therefore, this study was carried 
out to add further understanding of how fluoxetine interacts 
towards heterogeneous anionic membranes. 
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Experimental

Materials

Fluoxetine hydrochloride was purchased from Sigma 
Chemical Co. (St. Louis, MO, USA) and used without 
further purification. The buffer was composed of 50 
mM NaCl and 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES buffer) and adjusted to pH 
7.4. 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol C16:0 
(DPPG) and 1,2-distearoyl-sn-glycero-3-phosphocholine 
C18:0 (DSPC) of 99% purity were purchased from Avanti 
Polar-Lipids Inc. (Alabaster, AL, USA) and used without 
further purification. Stock DSPC (20 mg/ml) was supplied 
as a 2% (w/v) chloroform solution and stock DPPG (20 
mg/ml) was supplied as a 10% (w/v) chloroform solution 
containing 5% methanol. Both solutions were stored at -200C 
before usage. Nanopure water distilled from the Nanopure 
system with an impedance of 18.2 MΩ (Ultrapure, USA) 
was used to prepare all solutes.

Methods

Stock solution of drug preparation: a stock solution of 
the drug was prepared at 1 mg/ml concentration in 50 mM 
NaCl - 10 mM HEPES buffer.

Liposome preparation: appropriate amounts of DSPC 
and DPPG stock solutions were mixed and evaporated with 
a gentle stream of nitrogen. Further removal of the solvent 
residue was performed by applying a high vacuum at room 
temperature for more than 4 hours. Thereafter, the unused 
dried lipid cakes were stored at -200C for further use.

The resulting dried lipid cake was dispersed with 50 mM 
NaCl - 10 mM HEPES buffer to produce large homogeneous 
multilamellar vesicles (LMVs). The suspension was 
subsequently vortexed. Five consecutive cycles of 5 min 
freeze at -200C and 5 min thaw at 600C were repeated. 
Suspensions of LMVs were extruded 30 times through 100 
nm pore size polycarbonate filters (Avanti Polar-Lipids Inc., 
AL, USA) at a temperature which is higher than both lipids’ 
transition temperatures to produce LUVs.

Drug-Liposome environment preparation: the extruded 
suspensions were diluted to different concentrations for 
further analysis. Sample solutions were prepared by mixing 
a known volume of the drug solution (67.5 µM) and a 
suitable aliquot of the vesicle suspensions in HEPES buffer. 
The correspondent reference solutions were prepared 
identically but without the drug. Sample solutions and 
reference solutions were all prepared in 1-ml Eppendorf and 

the final volume was 800 µl. All samples were vortexed 5 
min and incubated at 370C for 30 min before being measured 
to collect the UV-Vis absorption spectra.

UV-Vis absorption spectra collection and second 
derivative spectrophotometry: each absorption spectrum of 
the sample solution was measured against the correspondent 
reference solution by using a microcell cuvette with the 
chamber volume of 700 µl on the Agilent Cary 60 UV-
Vis spectrophotometer (Agilent, USA), with a temperature 
regulated cell holder set at 370C. The spectral window was 
from 190 nm to 300 nm. Thereafter, the second derivatives 
of absorption spectra were obtained from Origin 9.1.0 
software (Origin Lab, WA, USA) based on the Savitzky-
Golay method [42], in which the second-order polynomial 
convolution of 20 points was employed. A wavelength 
interval (∆λ) of 1 nm was incorporated in the calculation.

Partition coefficient determination: the partition 
coefficient of drugs between lipid bilayer vesicle suspensions 
and aqueous solutions is defined as [23].

UV-Vis absorption spectra collection and second derivative 
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Results 

Absorption spectra of fluoxetine in LUVs

Absorption spectra of fluoxetine at a concentration of 
67.5 µM recorded in the presence of different liposome 
concentrations of pure DSPC and mixed DSPC:DPPG = 
9:1, 8:2, and 7:3 are depicted in Fig. 2, respectively. It is 
requisite to point out that the concentration of fluoxetine 
used in this study conforms to the Beer-Lambert Law for 
absorbance. The curves (2-8) in Fig. 2 were obtained by 
subtraction of the absorption spectrum of liposomes without 
fluoxetine from the absorption spectrum of liposomes with 
the drug recorded at the same lipid concentration.

In respect to four different compositions i.e. pure 
DSPC, DSPC:DPPG = 9:1, 8:2, 7:3 with increased 
lipid concentrations, absorption maxima (λmax) of 
fluoxetine decreased and shifted to the longer wavelength 
(bathochromic shift) as compared to the maximum in the 
buffer solution (spectrum 1). The bathochromic shift was 
caused by the decrease of polarity in fluoxetine molecules’ 
surrounding, indicating the incorporation of fluoxetine into 
the hydrophobic cores of the lipid bilayers. This behavior 
are observed on other drugs namely phenothiazine (Poła 
et al. 2004), chlorpromazine and methochlorpromazine 
[43], trifluoperazine [44], and promazine [26] when they 
partitioned into lipid membranes.

Absorption spectra of fluoxetine at a concentration of 67.5 M recorded in 
the presence of different liposome concentrations of pure DSPC and mixed 
DSPC:DPPG = 9:1, 8:2, and 7:3 are depicted in Fig. 2, respectively. It is requisite 
to point out that the concentration of fluoxetine used in this study conforms to the 
Beer-Lambert Law for absorbance. The curves (2-8) in Fig. 2 were obtained by 
subtraction of the absorption spectrum of liposomes without fluoxetine from the 
absorption spectrum of liposomes with the drug recorded at the same lipid 
concentration. 
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(3) 0.050; (4) 0.075; (5) 0.10; (6) 0.15; (7) 0.20; (8) 0.30. 
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Second derivative spectra of absorption

The apparent background signals caused by light 
scattering in the liposome suspensions could be eliminated 
by applying the second derivative spectrophotometric 
method [45, 46]. The second derivatives of the absorption 
spectra of fluoxetine in the HEPES buffer containing the 
pure DSPC and the mixtures of DSPC and DPPG LUVs are 
depicted in Fig. 3.

Despite the fact that the same amount of LUVs was 
purposely prepared in the sample and reference solutions, 
no isosbestic points are observed in the absorption spectra 
figures. It was obvious that strong background signals 
impeded the complete baseline correction. Therefore, the 

second derivative spectrophotometric method was then 
applied to eliminate those background noises, allowing 
isosbestic points to be obtained, and enabling the partition 
coefficients to be determined. In previous studies, the 
partition coefficient of drugs into the DMPG liposomes 
[23] and phenothiazine into the phosphatidylcholine bilayer 
vesicles and water [47] were also determined by using 
second derivative spectrophotometry. With the increasing 
of lipid concentrations, the second derivative minima 
increase in intensity and shift toward the longer wavelength 
in all four conditions (Fig. 3). Two isosbestic points at 218 
nm and 229 nm were obtained, proving that the apparent 
background signals were entirely eliminated [24-26, 48].

Fig. 3. Second derivative spectra of fluoxetine in HEPES buffer (pH 7.4, 
37oC) calculated from the absorption spectra in Fig. 2: pure DSPC (A), and 
mixtures of DSPC:DPPG = 9:1 (B), 8:2 (C), 7:3 (D). 
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The fraction bound of partitioned fluoxetine in the 
lipid vesicles  (∆D/∆Dmax)

The values of ∆D/∆Dmax, i.e. the fraction of fluoxetine 
partitioned into the LUVs, were plotted against the 
concentrations of the LUVs and shown in Fig. 4. The 
parition coeeficients were obtained by non-linear fitting the 
∆D values and the LUVs’ concentration to equation (3) and 
listed in Table 1.
Table 1. The partition coefficient of fluoxetine at a concentration 
of 67.5 µM into mixed lipid vesicles composed of DSPC and 
DPPG at pH 7.4, 370C.

Liposome component(s) Partition coefficient (Kp×10-5)*

Pure DSPC 2.04±0.17

DSPC:DPPG = 9:1 1.32±0.26

DSPC:DPPG = 8:2 0.69±0.17

DSPC:DPPG = 7:3 0.53±0.02

*the value shown in the results section was the mean of at least 
two independent determinations.  Kp value was presented as 
mean ± s.d.

Discussion 
As seen in Table 1, the Kp values tendentiously decrease 

with the increase of the molar fraction of the negatively 
charged DPPG in the binary membrane of DSPC - DPPG 
LUVs. This event indicates that fluoxetine had lower 
affinity to the binary DSPC - DPPG bilayer membrane than 

the pure DSPC membrane. The figures of Kp themselves 
do not provide insights into how each lipid species was 
arranged on the liposome membrane. For this reason, three 
potential regions which were believed to have great impact 
on the final Kp values should be taken into account: DSPC 
- rich regions, DPPG - rich regions, and DSPC - DPPG rich 
regions. On each lipid region, different driving forces were 
responsible for the partitioning of fluoxetine into the lipid 
hydrophobic core. 

In the DSPC - rich regions, the zwitterionic PC headgroup 
of DSPC lipids composed of a positive choline group and a 
negative phosphate group is being ionized at physiological 
pH [33]. The electrolytes were found not to have any 
interactions with the functional groups of the lipids [38]. 
The sodium and the chloride ions were shown to remain 
homogenously in the buffer and no headgroup modification 
was recorded in the presence of salt in the binary lipid system 
[38]. DSPC itself has strong steric headgroup repulsions 
between the same charges of two adjacent lipids [49]. It also 
has two attractive intermolecular forces that help to stabilize 
the membrane. The first intermolecular force is the hydrogen 
bonds that are formed between the water molecules and two 
phosphocholine molecules, and the second one is the weak 
electrostatic interactions between the positive choline and 
the negative phosphate groups of the neighboring lipids 
[50]. The electrolytes that are distributed homogeneously 
in the aqueous media indeed has no influences on physical 
properties in general and the packing density of DSPC 
lipids in specific. Besides that, the electrostatic interaction 
was further demonstrated not to be the driving force for the 
partitioning of charged molecular particles. Phan, et al. and 
Pola, et al. reported that the disordering in the lipid acyl 
chains, in which the hydrophobic part of fluoxetine interacts 
with the hydrophobic tails of DSPC lipids, gives rise to the 
partitioning of fluoxetine into the lipid hydrophobic core of 
DSPC [39, 44]. The DSPC - rich regions were believed to be 
the main Kp contributor since the deduction of DSPC molar 
fractions in the binary lipid system led to the significant 
decrease in the Kp values. 

Regarding the DPPG - rich regions, these regions are 
anionic since DPPG itself possesses a net negative charged 
at physiological pH [29]. Despite the fact steric repulsions 
exist between the neighboring lipids that push them apart 
from each other, there is a source of attraction in the lateral 
directions which helps to stabilize the membrane [38]. Dicko, 
et al. proposed that glycerol hydroxyl is hydrogen-bonding 
to phosphate or carbonyl groups of the phospholipids [51]. 
Later research confirmed the experimental suggestion and 
stated that this specific hydroxyl-phosphate molecular 
interaction accounts for the event [38]. Do, et al. suggested 
that at 50 mM NaCl, fluoxetine was found to be located at 
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the interfacial part of the DPPG - rich regions due to the 
strong electrostatic attraction between the positive NH3

+ 
moiety of fluoxetine and the negative phosphate moiety of 
the DPPG lipid [41]. This attractive force could lead to the 
drug accumulation on the interface of the lipid membrane, 
which interfered with fluoxetine penetrating more deeply 
into the lipid bilayers’ hydrophobic core. This event led to 
the fact that the natural negative charges of DPPG - rich 
regions were neutralized by the screening effect upon the 
addition of positive fluoxetine molecules. Indeed, the steric 
repulsions between two adjacent lipid headgroups were 
significantly reduced by the addition of the positive-charge 
drug agents into the media, thus more densely packed 
regions on the bilayer surface were expected. Thanks to the 
neutralizing effect, the phase separation caused by the DPPG 
lipids in an anionic-zwitterionic mixture was prevented, 
which further helped to stabilize the membrane structure 
[29]. In short, the electrostatic interactions were responsible 
for the partitioning of fluoxetine into DPPG lipid bilayers. 
As similar to the case of DSPC lipids, the electrolytes were 
found not to have any great impact on the lipid membrane 
surface [41]. The DPPG - rich regions by some means or 
other have a part in the final partition coefficients. However, 
no matter how much DPPG lipids were added to the binary 
mixtures, the partitioning of fluoxetine into the LUVs 
decreased, indicating that the contribution of such regions 
to the final Kp values was negligible.

In regards to the DSPC - DPPG rich regions, the 
zwitterionic PC headgroup of DSPC lipids consists of a single 
dipole including an immobile negative phosphate moiety 
and a mobile positive amine moiety [49]. The PC headgroup 
orientation was found to remain essentially unaffected in the 
anionic-zwitterionic membrane [49, 52]. This indicates that 
there was no attraction between the positive end of DSPC 
lipid and the negative end of the adjacent DPPG lipid. 
Thus, hardly any cluster was formed in terms of a strong 
electrostatic interaction between these two lipid species. 
Indeed, as in the case of the DMPC/DMPG mixture, only 
few and short-lived hydrogen bonds between them were 
recorded [52]. However, there must have a structure that 
keeps the lipid system in shape and prevents the phase 
separation. In this case, the electrolytes are believed to play 
an essential role in stabilizing and increasing the packing 
density of the DSPC - DPPG rich regions. Before the drug 
is added to the vesicle suspensions, in the area where DSPC 
and DPPG lipids are held next to each other, the sodium 
cations neutralize the negative moieties of each lipid 
(Fig. 5). This screening effect could prevent the repulsion 
between two adjacent negative phosphate groups; therefore, 
it helps to tighten the membrane structure. Later on, upon 
the addition of fluoxetine, the positively charged fluoxetine 
could be repelled by the positive choline moieties of DSPC 
lipids, which inhibits the partitioning of fluoxetine. Besides 
that, the sodium cations which occupied considerable 

spaces on the membrane created the steric hindrances that 
further impeded the partitioning of fluoxetine into the lipid 
bilayers. With the decline in Kp values, the data in Table 1 
clearly shows that the DSPC - DPPG rich regions were not 
the main Kp contributors.  

On the whole, not only is electrostatic interaction 
indispensable in a homogenous lipid bilayers but its role is 
also recognizable in a heterogenous lipid system which has 
at least a charged lipid agent in the combination. Once the 
positive fluoxetine makes its appearance, it initially targets 
the DPPG - rich regions on the liposomes due to the strong 
attractive forces between the opposite charged species. 
When all DPPG - rich regions were thoroughly absent, the 
two remaining areas were DSPC - rich regions and DSPC 
- DPPG rich regions, which would compete for contacting 
with the drug molecules. Nevertheless, both the impeditive 
coordination of the sodium ions association on the vesicles 
and the repulsions between same charged species evidently 
demanded more energy for fluoxetine to partition into this 
area. Therefore, the DSPC - rich regions should interact 
with the drugs prior to the DSPC - DPPG rich regions. 

To sum up, the decline in molar fractions of the main 
Kp contributor, DSPC, causes the reduction of the final Kp 
values. The DPPG - rich region shows not to contribute 
much to the outcome since its increased molar fractions 
still associates with a lessoned partition of fluoxetine. The 
DSPC - DPPG rich regions are propably formed more than 
the DPPG - rich regions. This could occur because the 
hindering effects are much greater than the contribution 
of DPPG lipids themselves, which results in a significant 
reduction of the final Kp values. Electrostatic interaction 
between the sodium cations and the natural negative 
moieties of each lipid plays an important role in the binary 
anionic-zwitterionic lipid system. It helps to prevent phase 
separation caused by the repulsion between two adjacent 
negative moieties of each lipid. It also increases the 
packing density of the lipid bilayers, which hinders the drug 
partitioning. 

Fig. 5. Schematic illustration of a DSPC - DPPG rich membrane 
leaflet. the headgroup of DppG lipid species is presented as a 
single negative charge, whereas the headgroup of DSpC lipid 
species consists of a mobile positive choline group and a fixed 
negative phosphate group. Sodium cations are depicted as red 
dots.

On the whole, not only is electrostatic interaction indispensable in a 
homogenous lipid bilayers but its role is also recognizable in a heterogenous lipid 
system which has at least a charged lipid agent in the combination. Once the 
positive fluoxetine makes its appearance, it initially targets the DPPG - rich 
regions on the liposomes due to the strong attractive forces between the opposite 
charged species. When all DPPG - rich regions were thoroughly absent, the two 
remaining areas were DSPC - rich regions and DSPC - DPPG rich regions, which 
would compete for contacting with the drug molecules. Nevertheless, both the 
impeditive coordination of the sodium ions association on the vesicles and the 
repulsions between same charged species evidently demanded more energy for 
fluoxetine to partition into this area. Therefore, the DSPC - rich regions should 
interact with the drugs prior to the DSPC - DPPG rich regions.  

To sum up, the decline in molar fractions of the main Kp contributor, 
DSPC, causes the reduction of the final Kp values. The DPPG - rich region shows 
not to contribute much to the outcome since its increased molar fractions still 
associates with a lessoned partition of fluoxetine. The DSPC - DPPG rich regions 
are propably formed more than the DPPG - rich regions. This could occur 
because the hindering effects are much greater than the contribution of DPPG 
lipids themselves, which results in a significant reduction of the final Kp values. 
Electrostatic interaction between the sodium cations and the natural negative 
moieties of each lipid plays an important role in the binary anionic-zwitterionic 
lipid system. It helps to prevent phase separation caused by the repulsion between 
two adjacent negative moieties of each lipid. It also increases the packing density 
of the lipid bilayers, which hinders the drug partitioning.  

 

 

 

 

 

Fig. 5. Schematic illustration of a DSPC - DPPG rich membrane leaflet. 
The headgroup of DPPG lipid species is presented as a single negative 
charge, whereas the headgroup of DSPC lipid species consists of a mobile 
positive choline group and a fixed negative phosphate group. Sodium 
cations are depicted as red dots. 
 
Conclusions  

In this study, the partitioning of fluoxetine into DPPG - DSPC binary 
lipid bilayers was investigated under the viewpoint of electrostatic interaction 
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Conclusions 
In this study, the partitioning of fluoxetine into DPPG 

- DSPC binary lipid bilayers was investigated under the 
viewpoint of electrostatic interaction by varying the molar 
fractions of DPPG in the lipid system. It was found that 
the increase of negative charges on the membrane surface 
impeded the partitioning of fluoxetine into the anionic DPPG 
- zwitterionic DSPC LUVs. As the molar fraction of DPPG 
increased, the partition coefficient decreased. The condensing 
effect on the membrane under the impact of electrolytes 
strongly demonstrated that the electrostatic interaction 
between the oppositely charged ions in the aqueous solution 
played such an important role in the partitioning of the 
positive charged drug into binary membranes composed of 
anionic and zwitterionic lipids. This study also highlighted 
how seemingly small variations in the lipid system could 
affect biophysical membrane properties and proved how 
fundamental membrane measurements were crucial in the 
interpretation of lipid-drug delivery mechanisms. 

ACKNOWLEDGEMENTS
This research is funded by International University - 

Vietnam National University, Ho Chi Minh city under grant 
number T2017-05-BT.

The authors declare that there is no conflict of interest 
regarding the publication of this article.

REFERENCES
[1] R. Kessler, K. McGonagle, S. Zhao, C. Nelson, M. Hughes, S. 

Eshleman, H. Wittchen, K. Kendler (1994), “Lifetime and 12-month 
prevalence of DSM-III-R psychiatric disorders in the United States. 
Results from the National Comorbidity Survey”, Archives of General 
Psychiatry, 51(1), pp.8-19.

[2] M. Vaswani, F. Linda, S. Ramesh (2003), “Role of selective 
serotonin reuptake inhibitors in psychiatric disorders: a comprehensive 
review”, Prog. Neuropsychopharmacol. Biol. Psychiatry, 27(1), pp.85-
102.

[3] D. Wong, F. Bymaster, E. Engleman (1995), “Prozac (fluoxetine, 
lilly 110140), the first selective serotonin uptake inhibitor and an 
antidepressant drug: twenty years since its first publication”, Life Sci., 
57(5), pp.411-441.

[4] S. Stahl (1998), “Mechanism of action of serotonin selective 
reuptake inhibitors”, J. Affect. Disord., 51(3), pp.215-235.

[5] J. Andrews, C. Nemeroff (1994), “Contemporary management 
of depression”, Am. J. Med., 97(6A), pp.24S-32S.

[6] S. Stanford (1999), Selective serotonin reuptake inhibitors 
(SSRIs): past, present, future, RG Landes Company, Austin, pp.171-
185.

[7] P. Benfield, A. Ward (1986), “Fluvoxamine. A review of its 
pharmacodynamic and pharmacokinetic properties, and therapeutic 
efficacy in depressive illness”, Drugs, 32(4), pp.313-334.

[8] M. Fink, F. Duprat, F. Lesage, R. Reyes, G. Romey, C. 

Heurteaux, M. Lazdunski (1996), “Cloning, functional expression 
and brain localization of a novel unconventional outward rectifier K+ 
channel”, EMBO J., 15(24), pp.6854-6862.

[9] G. Hervieu, J. Cluderay, C. Gray, P. Green, J. Ranson, A. Randall, 
H. Meadows (2001), “Distribution and expression of TREK-1, a two-
pore-domain potassium channel, in the adult rat CNS”, Neuroscience, 
103(4), pp.899-919.

[10] W. Gu, G. Schlichthörl, J. Hirsch, H. Engels, C. Karschin, A. 
Karschin, C. Derst, O. Steinlein, J. Daut (2002), “Expression pattern and 
functional characteristics of two novel splice variants of the two-pore-
domain potassium channel TREK-2”, J. Physiol., 539(3), pp.657-668.

[11] F. Maingret, I. Lauritzen, J. Patel, C. Heurteaux, R. Reyes, F. 
Lesage, M. Lazdunski, E. Honoré (2000), “TREK-1 is a heat-activated 
background K(+) channel”, EMBO J., 19(11), pp.2483-2491.

[12] L. Kennard, J. Chumbley, K. Ranatunga, S. Armstrong, E. Veale, 
A. Mathie (2005), “Inhibition of the human two-pore domain potassium 
channel, TREK-1, by fluoxetine and its metabolite norfluoxetine”, Br. J. 
Pharmacol., 144(6), pp.821-829.

[13] G. Sandoz, S. Bell, E. Isacoff (2011), “Optical probing of a 
dynamic membrane interaction that regulates the TREK1 channel”, 
Proc. Natl. Acad. Sci. U.S.A., 108(6), pp.2605-2610.

[14] A. Patel, E. Honoré, F. Lesage, M. Fink, G. Romey, M. 
Lazdunski (1999), “Inhalational anesthetics activate two-pore-domain 
background K+ channels”, Nature Neuroscience, 2(5), pp.422-426.

[15] N. Deo, T. Somasundaran, and P. Somasundaran (2004), 
“Solution properties of amitriptyline and its partitioning into lipid 
bilayers”, Colloids and Surfaces B: Biointerfaces, 34(3), pp.155-159.

[16] R. Pignatello, T. Musumeci, L. Basile, C. Carbone, G. Puglisi 
(2011), “Biomembrane models and drug-biomembrane interaction 
studies: Involvement in drug design and development”, J. Pharm. 
Bioallied Sci., 3(1), pp.4-14.

[17] L. Morton, J. Saludes, H. Yin (2012), “Constant pressure-
controlled extrusion method for the preparation of nano-sized lipid 
vesicles”, J. Vis. Exp., 64, pp.1-6.

[18] M. Luxnat, H. Galla (1986), “Partition of chlorpromazine 
into lipid bilayer membranes: the effect of membrane structure and 
composition”,  Biochimica et Biophysica Acta, 856(2), pp.274-282.

[19] M. Luxnat, H. Müller, H. Galla (1984), “Membrane solubility 
of chlorpromazine. Hygroscopic desorption and centrifugation methods 
yield comparable results”, Biochem. J., 224(3), pp.1023-1026.

[20] R. Mason, D. Rhodes, L. Herbette (1991), “Reevaluating 
equilibrium and kinetic binding parameters for lipophilic drugs based 
on a structural model for drug interactions with biological membranes”, 
J. Med. Chem., 34(3), pp.869-877. 

[21] J. Rogers, Y. Choi (1993), “The liposome partitioning system 
for correlating biological activities of imidazoline derivatives”, 
Pharmaceutical Research, 10(6), pp.913-917.

[22] V. Pham, T. Nguyen, U. Dao, T. Nguyen (2018), “On the 
interaction between fluoxetine and lipid membranes: effect of the lipid 
composition”, Spectrochim. Acta - Part A Mol. Biomol. Spectrosc., 191, 
pp.50-61.

[23] C. Rodrigues, P. Gameiro, S. Reis, J. Lima, B. De Castro (2001), 
“Derivative spectrophotometry as a tool for the determination of drug 
partition coefficients in water/dimyristoyl-L-alpha-phosphatidylglycerol 



Physical sciences | Chemistry

Vietnam Journal of Science,
Technology and Engineering24 September 2019 • Vol.61 Number 3

(DMPG) liposomes”, Biophys. Chem., 94(1-2), pp.97-106.

[24] S. Takegami, K. Kitamura, T. Kitade, K. Hasegawa, A. 
Nishihira (1999), “Effects of particle size and cholesterol content on the 
partition coefficients of chlorpromazine and triflupromazine between 
phosphatidylcholine - cholesterol bilayers of unilamellar vesicles and 
water studied by second-derivative spectrophotometry”, Journal of 
Colloid Interface Science,  220(1), pp.81-87.

[25] C. Ojeda, F. Rojas (2004), “Recent developments in derivative 
ultraviolet/visible absorption spectrophotometry”, Anal. Chim. Acta, 
518(1-2), pp.1-24.

[26] K. Kitamura, N. Imayoshi, T. Goto, H. Shiro, T. Mano, Y. 
Nakai (1995), “Second derivative spectrophotometric determination of 
partition coefficients of chlorpromazine and promazine between lecithin 
bilayer vesicles and water D = KnPInl + JTvPwl”, Analytica Chimica 
Acta, 304(94), pp.101-106.

[27] Y. Nakamura, H. Yamamoto, J. Sekizawa, T. Kondo, N. Hirai, N. 
Tatarazako (2008), “The effects of pH on fluoxetine in Japanese medaka 
(Oryzias latipes): acute toxicity in fish larvae and bioaccumulation in 
juvenile fish”, Chemosphere, 70(5), pp.865-873.

[28] S. Pöyry, I. Vattulainen (2016), “Role of charged lipids in 
membrane structures - Insight given by simulations”, Biochim. Biophys. 
Acta - Biomembr., 1858(10), pp.2322-2333.

[29] H. Himeno, N. Shimokawa, S. Komura, D. Andelman, T. 
Hamada (2014), “Charge-induced phase separation in lipid membranes”, 
Soft Matter, 10(40), pp.7959-7967.

[30] T. Leonard, J. Hurley (2011), “Regulation of protein kinases by 
lipids”, Curr. Opin. Struct. Biol., 21(6), pp.785-791.

[31] G. Tietjen, Z. Gong, C. Chen, E. Vargas, J. Crooks, K. Cao, C. 
Heffern, J. Henderson, M. Meron, B. Lin, B. Roux, M. Schlossman, T. 
Steck, K. Lee, E. Adams (2014), “Molecular mechanism for differential 
recognition of membrane phosphatidylserine by the immune regulatory 
receptor Tim4”, Proc. Natl. Acad. Sci. U.S.A., 111(15), pp.E1463-E1472.

[32] S. Garg, F. Roman, L. Porcar, P. Butler, P. Bautista, N. 
Krzyzanowski, U. Salas (2014), “Cholesterol solubility limit in 
lipid membranes probed by small angle neutron scattering and MD 
simulations”, Soft Matter, 10(46), pp.9313-9317.

[33] W. Dowhan (1997), “Molecular basis for membrane 
phospholipid diversity: why are there so many lipids?”, Annual Review 
of Biochemistry, 66(1), pp.199-232.

[34] R. Gennis (1989), Biomembranes: molecular structure and 
function, Springer-Verlag New York, pp.1-35.

[35] K. Naga, N. Rich, K. Keough (1994), “Interaction between 
dipalmitoylphosphatidylglycerol and phosphatidylcholine and calcium”, 
Thin Solid Films, 244(1-2), pp.841-844.

[36] M. Fragata, E. Nénonéné, V. Maire, I. Gabashvili (1997), 
“Structure of the phosphatidylglycerol-photosystem II complex studied 
by FT-IR spectroscopy. Mg(II) effect on the polar head group of 
phosphatidylglycerol”, J. Mol. Struct., 405(2-3), pp.151-158.

[37] M. Schlame, D. Rua, M. Greenberg (2000), “The biosynthesis 
and functional role of cardiolipin”, Prog. Lipid Res., 39(3), pp.257-288.

[38] Y. Kaznessis, S. Kim, R. Larson (2002), “Simulations of 
zwitterionic and anionic phospholipid monolayers”, Biophys. J., 82(4), 
pp.1731-1742.

[39] H. Phan, A. Sy, T. Nguyen (2016), “Thermodynamics of 

fluoxetine partitioning into lipid bilayers: a comparative study between 
the solid-gel state lipid and liquid-crystalline state lipid”, RSCE 2016, 
pp.437-443.

[40] Nguyen Thi Xuan Trang, Do Tho Thuy Tien, Pham Hoa Son, 
Nguyen Thao Trang (2016), “Thermodynamics of fluoxetine partitioning 
into lipid membranes”, Proceeding of the 5th World Conference on 
Applied Sciences, Engineering & Technology, pp.031-038.

[41] T. Do, U. Dao, H. Bui, T. Nguyen (2017), “Effect of electrostatic 
interaction between fluoxetine and lipid membranes on the partitioning 
of fluoxetine investigated using second derivative spectrophotometry 
and FTIR”, Chem. Phys. Lipids, 207, pp.10-23.

[42] A. Savitzky, M. Golay (1964), “Smoothing and differentiation 
of data by simplified least squares procedures”, Anal. Chem., 36(8), 
pp.1627-1639.

[43] R. Welti, L. Mullikin, T. Yoshimura, G. Helmkamp (1984), 
“Partition of amphiphilic molecules into phospholipid vesicles and 
human erythrocyte ghosts: measurements by ultraviolet difference 
spectroscopy”, Biochemistry, 23(25), pp.6086-6091.

[44] A. Poła, K. Michalak, A. Burliga, N. Motohashi, M. Kawase 
(2004), “Determination of lipid bilayer/water partition coefficient of 
new phenothiazines using the second derivative of absorption spectra 
method”, Eur. J. Pharm. Sci., 21(4), pp.421-427.

[45] A. Gursoy, B. Senyucel (1997), “Characterization of 
ciprofloxacin liposomes: derivative ultraviolet spectrophotometric 
determinations”, J. Microencapsulation, 14(6), pp.769-776.

[46] T. Gerhard, M. Lothar, K. Hans (1978), “High-resolution, 
higher-order UV/Vis derivative spectrophotometry”, Angew. Chem. Int. 
Ed. Engl., 17(11), pp.785-799.

[47] S. Takegami, K. Kitamura, T. Kitade, A. Kitagawa, K. 
Kawamura (2003), “Thermodynamics of partitioning of phenothiazine 
drugs between phosphatidylcholine bilayer vesicles and water studied 
by second-derivative spectrophotometry”, Chem. Pharm. Bull. (Tokyo), 
51(9), pp.1056-1059.

[48] A. Roch, L. Stepien, T. Roch, I. Dani, C. Leyens, O. Jost, A. 
Leson (2014), “Optical absorption spectroscopy and properties of single 
walled carbon nanotubes at high temperature”, Synth. Met., 197, pp.182-
187.

[49] E. Mbamala, A. Fahr, S. May (2006), “Electrostatic model for 
mixed cationic-zwitterionic lipid bilayers”, Langmuir, 22(11), pp.5129-
5136.

[50] M. Pasenkiewicz-Gierula, Y. Takaoka, H. Miyagawa, K. 
Kitamura, A. Kusumi (1999), “Charge pairing of headgroups in 
phosphatidylcholine membranes: a molecular dynamics simulation 
study”, Biophys. J., 76(3), pp.1228-1240.

[51] A. Dicko, H. Bourque, M. Pézolet (1998), “Study by infrared 
spectroscopy of the conformation of dipalmitoylphosphatidylglycerol 
monolayers at the air-water interface and transferred on solid substrates”, 
Chem. Phys. Lipids, 96(1-2), pp.125-139.

[52] T. Broemstrup, N. Reuter (2010), “Molecular dynamics 
simulations of mixed acidic/zwitterionic phospholipid bilayers”, 
Biophys. J., 99(3), pp.825-833.


