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ABSTRACT

The ability of a therapeutic agent to cross lipid membranes is crucial in terms of its pharmacody-
namic properties. In this study, the partitioning of venlafaxine, a recently introduced antidepressant
in the class of serotonin and norepinephrine reuptake inhibitors (SNRIs), into large unilamellar vesi-
cles (LUVs) composed of zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and neg-
atively charged 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) was investigated using second
derivative spectrophotometry. The partition coefficients of venlafaxine into DOPC and DOPG LUVs
were determined at various temperatures (25,37, and 45 °C) and pH values (7.4 and 9.5). The results
indicate a positive correlation between temperature and the extent of venlafaxine partitioning into
both zwitterionic and charged lipid bilayers; furthermore, the drug preferentially partitions into the
zwitterionic lipid bilayer at all investigated temperatures. Thermodynamic analysis further reveals
that the membrane partitioning of venlafaxine aligns with the classical hydrophobic effect. Varying
the proportion of neutral versus charged venlafaxine further indicates that both electrostatic and
hydrophobic interactions modulate the partitioning of the drug into the zwitterionic neutral bi-
layer. In the case of the negatively charged bilayer, electrostatic interactions are predominant over
hydrophobic ones in modulating the partitioning of venlafaxine. These findings provide further
insights into SNRI-lipid membrane interactions, potentially leading to the development of more
effective antidepressants.

Key words: venlafaxine, serotonin and norepinephrine reuptake inhibitors, large unilamellar
vesicles, partition coefficient, drug-lipid interaction

INTRODUCTION

Most drugs exert pharmacological effects by directly
binding to proteins or enzymes, with approximately
half of the drugs in current use targeting integral
membrane proteins !. Such drugs not only bind to the
protein target but also exhibit strong interactions with
lipid membranes, which can significantly affect their
metabolism and bioavailability 2.

Serotonin and norepinephrine reuptake inhibitors
(SNRIs) are among the more recently developed
classes of antidepressant drugs, aiming to enhance
treatment efficacy and provide novel therapeutic
options for the treatment of mental disorders3->.
SNRIs selectively inhibit the reuptake of two neu-
rotransmitters, serotonin (5-hydroxytryptamine [5-
HT]) and noradrenaline (norepinephrine), at the
nerve synapse4. Hence, this inhibition leads to an in-
creased concentration of neurotransmitters, facilitat-
ing neurotransmission to regulate nervous system ac-
tivity, including mood, cognition, and several physio-
logical functions®. Venlafaxine, commercially known
as Effexor, is a bicyclic phenylethylamine derivative

belonging to the SNRI class and was initially launched
in the United States market in 1993 for the pharma-
cological treatment of various psychiatric disorders,
including major depressive disorder®. While not all
research efforts acknowledge the effectiveness of ven-
lafaxine compared to selective serotonin reuptake in-
hibitors (SSRIs) in achieving the remission of depres-
sive symptoms, venlafaxine is considered a viable op-
tion for non-remitting patients. Additionally, studies
have suggested that venlafaxine exhibits a favorable
tolerability profile in comparison to other classes of
antidepressant drugs°. Venlafaxine mainly targets the
serotonin and noradrenalin transporters located on
the cell membranes of neurons, resulting in the inhi-
bition of serotonin and noradrenaline reuptake from
the synaptic cleft*>. For optimal efficacy, venlafax-
ine must successfully interact with lipid membranes
and cross the blood-brain barrier to reach the neu-
rons within the central nervous system.

The interactions between several classes of antide-
pressants and lipid membranes have been extensively
characterized to reveal the role of lipid membranes in
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the therapeutic activities of antidepressants. A study
on the interaction of monoamine oxidase inhibitors
with dipalmitoylphosphatidylcholine vesicles at vary-
ing temperatures with different drug molecule sub-
stituents revealed that lipophilic drug molecules act as
spacers within the lipid bilayer, disrupting its ordered
structure, lowering the phase transition tempera-
ture, and enhancing membrane fluidity®. Similarly,
tricyclic antidepressants exhibit preferential bind-
ing to the hydrophobic core of phosphatidylcholine
and phosphatidylethanolamine via van der Waals
forces and hydrophobic interactions’. Additionally,
Coulombic or ion-induced dipole interactions con-
tribute to the incorporation of both charged and
uncharged tricyclic antidepressants into the phos-
phatidylserine bilayer. Similarly, the electrostatic in-
teraction between cationic imipramine and anionic
dipalmitoylphosphatidylglycerol has been suggested
to promote the partitioning of antidepressants into
the brain cell membrane via membrane thickening in-
duced by the aggregation of the drugs at the mem-
brane interface®. Another study revealed that flu-
oxetine, a common SSRI, exhibits a strong interac-
tion with the anionic dipalmitoylphosphatidylglyc-
erol membrane at neutral pH due to the electro-
static attraction between the drug and the lipid head
group®. More recent evidence has suggested that the
electrostatic interaction between fluoxetine and the
dipalmitoylphosphatidylglycerol bilayer results in the
accumulation of the drug within the lipid head group
domain 0. Current literature on antidepressant-lipid
membrane interactions highlights the partitioning
degree of drugs, the subsequent biophysical changes
of the lipid bilayers, and the possible location of the
drug within the lipid bilayers. Such insights are essen-
tial for a comprehensive understanding of the phar-
macology of venlafaxine.

In this work, second derivative spectrophotometry
is used to characterize the partitioning of venlafax-
ine into both zwitterionic 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and anionic 1,2-dioleoyl-
sn-glycero-3-phosphoglycerol (DOPG) lipid bilayers
at physiological pH (7.4) and temperatures of 25, 37,
and 45 °C. Additionally, the partitioning of venlafax-
ine into the DOPG lipid bilayer is also determined
at pH 9.5 and 25 °C. The molecular interactions and
thermodynamic profiles associated with the partition-
ing of venlafaxine into the zwitterionic and charged
lipid bilayers are then elucidated. The chemical struc-
tures of venlafaxine, DOPC, and DOPG are depicted
in Figure 1.
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Figure 1: (A) Chemical structures of charged and
neutral venlafaxine. (B) Chemical structure of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG).

MATERIALS AND METHODS

Materials

Venlafaxine hydrochloride and HEPES buffer,
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic

acid, were purchased from Sigma Aldrich (USA).
DOPC and DOPG were obtained from Avanti Polar
Lipids (Alabaster, AL, USA) at a concentration of
25 mg/mL in chloroform and used without further
purification. All lipid suspensions were prepared
with 10 mM HEPES buffer containing 50 mM NaCl
at pH 7.4 or 9.5. The pH of the drug solutions, lipid
suspensions, and drug-lipid mixtures was measured
before and after the addition of venlafaxine and
during the lipid vesicle experiments. No significant
changes in pH were observed under the experimental
conditions, confirming the stability of the buffer
system throughout the measurements.

Production of large unilamellar vesicles
(LUVs)

The residual organic solvent in the lipid solution was
gently evaporated using a stream of nitrogen, and
the vessel was then placed in a vacuum chamber for
at least 24 hours at room temperature. The result-
ing dried lipid films were then suspended in HEPES
buffer and sonicated at a temperature above the T},
of the lipids to yield multilamellar vesicles. The lipid
suspensions were then subjected to five freeze/thaw
cycles to reduce their size and lamellarity. To pro-
duce the large unilamellar vesicles (LUVs), the lipid
suspensions from the previous step were extruded
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over 25 cycles through a 100-nm-pore polycarbonate
membrane (Avanti Polar Lipids, USA) using a mini-
extruder, yielding a monodisperse population of 100-
nm LUVs.

Preparation of drug-liposome mixtures

Drug-liposome mixtures were prepared by adding
venlafaxine at a fixed concentration (0.0675 mM) to
The
baseline suspensions were prepared using the same

lipid suspensions of different concentrations.

concentration of lipid suspensions of the drug-
liposome mixtures without the addition of venlafax-

ine.

UV-Vis absorbance measurements

The drug-liposome and baseline suspensions were in-
cubated at a certain temperature for 30 minutes before
measuring their absorbance. The absorption spectra
of the samples were acquired with an Agilent Cary 60
UV-Vis spectrophotometer (Agilent, USA) equipped
with a thermostatic cell holder. The spectral window
ranged from 200 to 300 nm, with a wavelength inter-
val (AA) of 1 nm.

Determination of partition coefficients via
second derivative spectrophotometry

Second derivative UV-Vis spectrophotometry has
been extensively used to calculate the partition co-
efficients (K) of drugs partitioning into lipid bilay-
ers11"14 Here, the K p of venlafaxine between the
lipid and aqueous phases is defined as in Eq. 1:
— ([“//LL))((]]/;x )/ [Lipid] (1)
P ([[“//LL))((]]‘!‘ ) /[Water] ’
where [VLX]; represents the total molar concentra-

tion (mM) of added venlafaxine, the sum of the theo-
retical venlafaxine concentrations in the lipid suspen-
sions, [VLX],,, and water, [VLX],,; and [Lipid] and
[Water] are the experimental molar concentrations
(mM) of the lipid suspensions and water, respectively.
The partition coefficients were calculated based on the
change in drug absorbance induced by the interaction
with the lipid bilayers. Additionally, the concentra-
tion of venlafaxine is proportional to its absorbance
at a specific wavelength, as expressed in Eq. 2:

A = &n[VLX],, + & [VLX],,, (2)

where €&, and &, are the drug extinction coefficients
in liposomes and water, respectively. With [VLX]; =
[VLX],, + [VLX],, and € = g, — §,, the difference
in absorbance in the presence and absence of the lipid
bilayer (AA) can be related to the partition coefficient
K using Eq. 3:

_ K,e[VLX],[Lipid]
LA = [Wputer]JrK,,[Lt(;ﬂd] 3)

Similarly, the derivative intensity difference in ab-
sorbance in the presence and absence of liposomes
(AD) is proportional to the venlafaxine concentration.
From Eqgs. 1-3, the relationship between K, and A D

can be described as in Eq. 4:

K, ADy[Lipid]
AD = [Wilter]JrK,,[Lipid] ( )

where AD = d*A/dA* and ADyay = E[VLX],, with
E=d%e/d)\? .

The AD values were derived by subtracting the sec-
ond derivative intensity of the pure venlafaxine so-
lution from the intensity of the solutions containing
the drug and varying LUV concentrations, indicat-
ing the drug’s tendency to penetrate the liposomes.
AD reaches its maximum value (AD,; ) when the
entire drug fraction partitions into the lipid mem-
branes at sufficiently high lipid concentrations. The K
values and AD,,qy were obtained through the nonlin-
ear least-squares fitting of Eq. 4 to the experimental
data of the lipid molar concentration and the change
in the second derivative of absorption in the presence
and absence of lipids. A second-order polynomial
with a Savitzky-Golay filter, with a window length
of 20 points, was applied to the absorption spectrum
to acquire the second derivative spectrum; this spe-
cific window length was selected, as increasing it to a
higher number can result in the loss of spectral detail
and introduce artifacts, while a window length that is
too small may lead to insufficient background correc-
tion1>. Regarding the thermodynamic characteriza-
tion of SSRI partitioning into lipid vesicles, previous
studies have also utilized a 20-point window length.
In principle, K, can be obtained using the AD value
at any wavelength 1216 However, it is common prac-
tice to calculate K, using AD values at the wavelength
that leads to the smallest standard deviation. In the
case of the current study, the A D values at 220 nm
yielded K, values with the smallest standard devia-
tion; accordingly, this wavelength was selected for the
final calculation.

Determination of thermodynamic parame-
ters

The thermodynamics of the partitioning of venlafax-
ine from the aqueous to the lipid phase was analyzed
through the correlation between the change in the
Gibbs free energy (AG) and the natural logarithm of
the partition coefficient (K ), as shown in Eq. 5:

AG = —RTnK,, (5)

where R is the ideal gas constant (8.312
]-molfl-K*I), and T is the temperature in
Kelvin (K).
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AG is defined as the difference between the change
in enthalpy (AH) and the product of temperature (T)
and the change in entropy (A S), as given by Eq. 6:
AG=AH—-T xAS (6)

Substituting Eq. 5 into Eq. 6 yields the Van't Hoff
equation, as shown in Eq. 7:

K, =58 x L4 85 (7)

The AH and A § values can then be obtained from a

. . 1
linear regression plot of versus 7.

RESULTS

Absorption and second derivative spectra
of venlafaxine

The absorption spectra of venlafaxine at a sample con-
centration of 0.0675 mM are presented in Figure 2A,
B, and C, illustrating the spectral changes induced
by adding DOPC of various concentrations at 25, 37,
and 45 °C, respectively, and pH 7.4. Similarly, Fig-
ure 3A-C depict the spectral changes resulting from
the addition of varying DOPG concentrations at the
same temperatures and pH. Moreover, Figure 3D re-
veals the spectral changes induced by varying DOPG
These
spectra were derived by subtracting the absorption

concentrations at 25 °C and a pH of 9.5.

spectra of the baseline suspensions from those of the
venlafaxine-lipid suspensions. An increase in the
lipid concentration results in a reduction of the ab-
sorption intensity (hypochromic effect) and a shift of
the absorption peak of venlafaxine (Amqy) from 226
nm to longer wavelengths (bathochromic effect). The
presence of a hypochromic shift may suggest a no-
table interaction between venlafaxine and the DOPC
and DOPG LUVs. Additionally, the bathochromic
shift of the venlafaxine peak in the presence of the
DOPC and DOPG LUVs indicates a reduction in the
polarity of the surrounding environment of the drug
molecules. This shift demonstrates the movement of
the drug from the aqueous phase into the lipid bilay-
ers 1718

Light scattering from the lipid vesicles prevented the
detection of an isosbestic point in the venlafaxine ab-
sorption spectra for both lipid vesicles; this occurred
despite correcting for liposome absorption by sub-
tracting its value from the venlafaxine absorption at
each liposome concentration. To reduce background
noise and improve the resolution of overlapping sig-
nals from the aqueous and lipid phases, the second
derivative was applied to the absorption data. Fig-
ure 2D, E, and F present the second derivative spec-
tra of the partitioning of venlafaxine into the DOPC
bilayer—derived from the spectra in Figure 2A, B, and
C, respectively. Similarly, the second derivative spec-
tra of venlafaxine’s partitioning into the DOPG bilayer
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(calculated from the spectra in Figure 3A, B, C,and D)
are illustrated in Figure 3E, F, G, and H, respectively.
With the increasing concentration of the DOPC and
DOPG LUVs, the minima in the second derivative
spectra increase in intensity and shift toward longer
wavelengths. Moreover, venlafaxine exhibits an isos-
bestic point at 250 nm under all experimental con-
ditions for both the DOPC and DOPG LUVs. The
existence of the derivative isosbestic points reveals
that the residual background signal (caused by light
scattering from the lipid vesicles) is eliminated in the
second derivative spectra!!2. Additionally, this in-
dicates that venlafaxine equilibrates in two distinct
states: the lipid phase and the aqueous phase °.

Partition coefficients of venlafaxine

The AD values were calculated as the differences in
the second derivative of venlafaxine absorption be-
tween the first spectrum and the remaining spectra at
a wavelength of 220 nm for DOPC and DOPG. These
AD values provide a basis for calculating the deriva-
tive intensity difference (AD/AD ), which indicates
the proportion of venlafaxine distributed within the
DOPC and DOPG LU Vs at various temperatures. The
results were plotted against the lipid concentration,
as illustrated in Figure 4. Similarly, for the DOPG
LUVs at pH values of 7.4 and 9.5 at 25 °C, the AD/A
Dypax values (obtained using the same methodology
and wavelength) were plotted against the lipid con-
centration, as depicted in Figure 5.

B
DOPG

234

Figure 4: Fraction (AD/A D,,,) of venlafaxine parti-
tioning into varying concentrations of (A) DOPC and
(B) DOPG at different temperatures.

The partition coefficients of venlafaxine partitioning
into the DOPC and DOPG LUV were determined via
nonlinear least-squares fitting, as described by Eq. 4
in the “Materials and Methods”. The K, values of ven-
lafaxine partitioning into the DOPCand DOPG LUV
at pH 7.4 for various temperatures (Table 1 ) and into
the DOPG LUVs at pH values of 7.4 and 9.5 at 25
°C (Table 2 ) were calculated. Venlafaxine partitions
into both types of LUVs to a greater extent at higher
temperatures, as revealed by the increasing K, val-
ues. The drug preferentially partitions into the zwit-
terionic DOPC bilayers over the negatively charged
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Figure 2: Absorption spectra (A, B and C) and the second derivatives of absorption spectra (D, E and F) of 0.0675
mM venlafaxine in HEPES buffer (pH 7.4) containing various concentrations (mM) of DOPC LUVs at 25, 37 and 45
°C.
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Figure 3: Absorption spectra (A, B, C and D) and the second derivatives of absorption spectra (E, F, G and H) of
0.0675 mM venlafaxine in HEPES buffer (pH 7.4 and 9.5) containing various concentrations (mM) of DOPG LUVs at
25,37 and 45 °C.
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Figure 5: Fraction (AD/AD,,,) of venlafaxine parti-
tioning into varying concentrations of DOPG at pH
7.4 (@) and 9.5 (¥),and 25 °C.

DOPG ones, as indicated by the higher K, values for
the DOPC bilayers over the investigated temperature
range.

Table 1: Partition coefficient (K )
values of 0.0675 mM venlafaxine into
DOPC and DOPG LUVs at various
temperatures.

Temperat K, ( %1073 ) ¢

DOPC DOPG
25°C 0.75£0.05 0.23£0.04
37°C 1.14+0.26 0.61 £0.03
45°C 1.57 £0.04 0.80 £ 0.07

4Mean = standard deviation (N = 3)

Table 2: Partition coefficient (K,) values of
0.0675 mM venlafaxine into DOPG LUVs at pH
7.4 and 9.5, and 25 °C

—5\4
Temperature Lipid Ky (><]0 )
pH7.4 pH9.5
25°C DOPG 0.23 +0.04 0.58 +0.07

9Mean = standard deviation (N = 3)

Thermodynamics of venlafaxine partition-
ing into DOPC and DOPG LUVs

Figure 6 presents the Van't Hoff plots for venlafaxine
partitioning into the DOPC and DOPG LUV at var-
ious temperatures, with the corresponding thermo-
dynamic parameters presented in Table 3. The neg-
ative values of the Gibbs free energy change (AG,,_;;)

for venlafaxine indicate that its transfer from the
aqueous phase into the DOPC and DOPG bilayers
is thermodynamically favorable, signifying that the
process occurs spontaneously under the experimen-
tal conditions. The Van't Hoft plots for venlafaxine
partitioning into both lipid systems exhibit negative
slopes, corresponding to positive enthalpy changes (A
H,,_,;); this confirms that the drug partitioning is an
endothermic process. Considering these points to-
gether with the positive entropy changes (A S,,_/), the
thermodynamic parameters highlight that the parti-
tioning of venlafaxine into the lipid bilayers is pre-
dominantly entropy driven.

£ 110 S .

1054 s

10.04 [ ]

9.5

3.15 3.20 325 330 335
T x 10° (K"

Figure 6: Van't Hoff plot of venlafaxine partitioning
into DOPC (M) and DOPG (@) LUVs.

DISCUSSION

Increased temperature facilitates the mem-
brane partitioning of venlafaxine

The partitioning of venlafaxine into the DOPC and
DOPG bilayers is spontaneous, as indicated by the
negative AG,,_,; values (Table 3). Higher tempera-
tures can increase the kinetic energy of both the drug
and lipid molecules, thus increasing the frequency
and effectiveness of the drug-lipid interactions. Fur-
thermore, an increase in temperature is associated
with a decrease in membrane viscosity and, thus, a
higher degree of freedom for the drug to migrate
within the bilayer!. As expected, the temperature in-
crease from 25 °C to 45 °C enhances the partitioning
of venlafaxine into both the DOPC and DOPG bilay-
ers, as indicated by the rise in the K, values (Table 1).
The results highlight the direct correlation between
temperature and the membrane partitioning of ven-
lafaxine and align with previous findings on SSRIs 17
. These antidepressants were shown to exhibit greater
partitioning into the DOPC bilayer with increasing
temperature from 25 °C to 37 °C for fluoxetine® and

4000
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Table 3: Thermodynamic parameters of venlafaxine partitioning into DOPC and DOPG LUVs

Lipid Temperature AG,, (kjmol’l) AH,, (kjmol’l) NS,y (jmol’lK’l)
DOPC 25°C —27.78 +0.18 28.93 +£0.18 190.3 £+ 0.57

37°C —30.07 £ 0.18

45°C —31.59 +£0.18
DOPG 25°C —25.03 + 1.09 49.81 £+ 1.09 251.12 + 3.54

37°C —28.04 +1.09

45°C —30.04 £ 1.09

25 °C to 42 °C for paroxetine and sertraline!”. This
trend underscores the influence of temperature on the
interaction between drugs and lipid bilayers, where
higher temperatures facilitate the incorporation of
drug molecules into lipid bilayers.

Membrane partitioning of venlafaxine ad-
heres to the classical hydrophobic effect

The partitioning of amphiphilic small molecules
aligns with either the classical or nonclassical hy-
drophobic effect?0-23,
venlafaxine, various molecular interactions can con-

Upon the partitioning of

tribute to the enthalpy change of the system. The
value of AH,,_,; may be influenced by the displace-
ment of water by the unbound drug at the interfacial
region (i.e., the junction of the lipid head groups and
the aqueous phase), cavity formation for drug inser-
tion within the lipid bilayer (disruption to lipid pack-
ing), and the drug-lipid interaction itself (e.g., hydro-
gen bonding and hydrophobic/van der Waals interac-
tions) 72122, The net positive AH,,_,; values for ven-
lafaxine in both lipid systems suggest that the energy
contributions of water displacement and lipid pack-
ing disruptions are predominant, as these processes
generate an increase in enthalpy, while the drug-lipid
interaction leads to a decrease in enthalpy. If the
drug is able to perturb the inner hydrophobic core
of the bilayer, the AS,,_,; of the system increases due
to the disordering of the lipid acyl tails (induced by
drug insertion) 17222, Additionally, the aforemen-
tioned displacement of water molecules by the drug
at the interfacial region contributes to an increase in
entropy. The AS,,_,; values for venlafaxine are signif-
icantly larger than the A H,,_,; values. This indicates
that the partitioning of venlafaxine into the DOPC
and DOPG bilayers results in the displacement of in-
terfacial water molecules and the disordering of the
lipid acyl tails.

Notably, the reported AH and AS values reflect a lim-
ited temperature range and are based on a linear Van't
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Hoft analysis, an approximation that assumes a neg-
ligible change in heat capacity (A C, ~ 0) over this
interval. However, this type of analysis is standard
and widely accepted, and the resulting parameters are
considered a valid approximation for thermodynamic
characterization within the limited temperature range
studied 2423,

In summary, the partitioning of venlafaxine into both
the DOPC and DOPG bilayers is consistent with the
classical hydrophobic effect. Previous works have also
shown that the partitioning of SSRIs (paroxetine and

sertraline) 1718

, antipsychotics (promethazine, triflu-
operazine, and trimeprazine)2® and beta-blockers
(propranolol, alprenolol, and bupranolol)?’ aligns

with the classical hydrophobic effect.

Electrostatic and hydrophobic interactions
contribute to membrane partitioning of
venlafaxine

At the physiological pH of 7.4, venlafaxine (pKj,
= 9.4)3 predominantly exists as a cationic species.
DOPC is a zwitterionic lipid containing a positively
charged choline moiety and a negatively charged
phosphate group in its head group. In the transfer
of venlafaxine from the aqueous to the lipid phase,
electrostatic repulsion between the cationic venlafax-
ine and the positively charged choline group of the
DOPC head group may occur. Simultaneously, elec-
trostatic attraction between the cationic venlafaxine
and the negatively charged phosphate of DOPC can
arise. Within the hydrophobic core of the DOPC
bilayer, venlafaxine engages in favorable hydropho-
bic interactions with the nonpolar acyl chains of the
lipid. These van der Waals interactions between ven-
lafaxine’s hydrophobic region and the lipid acyl tails
enhance drug stability within the bilayer environ-
Overall, it could be stated that hydropho-
bic and electrostatic interactions modulate the par-

ment.

titioning of venlafaxine into the zwitterionic DOPC
bilayer. Previous works have also revealed that the
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combination of hydrophobic and electrostatic inter-
actions is responsible for the partitioning of various

%1017 - paroxetine and

amphiphilic small molecules
sertraline partition into the DOPC bilayer via elec-
trostatic interactions with the lipid head groups and
hydrophobic interactions with the lipid acyl tails!”.
Similarly, several studies have highlighted the con-
tribution of electrostatic interactions in modulating
drug-membrane partitioning for other cationic am-
phiphilic drugs28-3°,

DOPG is an anionic lipid containing a negatively
charged phosphate and a neutral glycerol in its head
group. Despite the electrostatic attraction between
the cationic venlafaxine and the negatively charged
phosphate group of DOPG, venlafaxine exhibits a
lower degree of partitioning into the DOPG bilayer.
This is evidenced by the approximately 3.3- and 1.9-
fold lower K}, of venlafaxine partitioning into the
DOPG bilayer compared to the DOPC bilayer at 25
°C and at 37 and 45 °C, respectively, as shown in
Table 1. The limited partitioning of venlafaxine into
the DOPG bilayer potentially arises from the strong
association of venlafaxine with the head group re-
gion of DOPG. At first, the smaller volume of lipid
head groups and the lower packing density of DOPG
(indicated by the larger area per lipid head group)
compared to DOPC are believed to correspond to
a greater availability of voids for drug incorpora-
tion31-34, However, the repulsive electrostatic in-
teractions among the DOPG head groups are atten-
uated by intra- and intermolecular hydrogen bond-
ing and ion-lipid interactions3°, which are mani-
fested as ion-lipid clusters that ultimately reduce the
permeability of the DOPG bilayer compared to the
DOPC bilayer®37. Upon its partitioning into the
DOPG bilayer, venlafaxine displaces the structured
water molecules at the interface to a greater extent and
disrupts the ion-lipid clusters in the head group re-
gion of the bilayer, resulting in a larger increase in
the entropy of the system compared to DOPC (Ta-
ble 3). The absence of this electrostatic attraction in
the DOPC bilayer enables the progression of venlafax-
ine toward the acyl tail region of DOPC, leading to a
greater extent of drug-lipid interaction. This results
in a lower enthalpy change (A H,,_,;) in the DOPC bi-
layer compared to the DOPG bilayer (Table 3). Con-
sidering these findings, one can speculate that the
partitioning of venlafaxine into DOPG at pH 7.4 is
primarily driven by electrostatic attraction, while hy-
drophobic interactions play a minor role.

To further validate this hypothesis, the contribution
of electrostatic interactions to the partitioning of ven-
lafaxine into the negatively charged DOPG bilayer

was examined by lowering the amount of cationic
venlafaxine species. At pH 7.4, venlafaxine predom-
inantly exists as a cationic species, while at pH 9.5,
approximately half exists in the cationic form, while
the remaining half is neutral. Neutral venlafaxine is
more lipophilic and can easily cross the lipid bilayer
compared to its charged counterpart. Moreover, the
reduced proportion of cationic venlafaxine could re-
sult in a lower extent of electrostatic interactions with
the DOPG head groups and, consequently, dimin-
ished head group association. This is indicated by
the 2.5-fold increase in the K, of venlafaxine parti-
tioning into the DOPG bilayer with an increase in
the pH from 7.4 to 9.5 (Table 2). It is likely that at
pH 9.5, both hydrophobic and electrostatic interac-
tions contribute to the partitioning of venlafaxine into
the charged DOPG bilayer; on the other hand, at pH
7.4, electrostatic interactions mainly contribute to the
partitioning, with hydrophobic interactions playing a
minor role. The findings correlate well with recent
works on the interaction of fluoxetine with the neg-
atively charged DPPG bilayer; here, cationic fluoxe-
tine strongly associates with the DPPG head groups
via electrostatic interactions, while neutral fluoxetine
traverses the bilayer via hydrophobic interactions '°.

One should note that electrostatic interactions be-
tween cationic drugs and anionic lipid membranes
are strongly influenced by the ionic strength of the
medium. The present study employed 50 mM NaCl,
which represents a moderate ionic strength. At this
concentration, the partial (yet not complete) screen-
ing of electrostatic interactions is expected, allowing
for measurable electrostatic contributions to remain.
This interpretation is consistent with prior studies on
drug-membrane interactions showing that moder-
ate salt concentrations attenuate but do not eliminate
charge-driven binding***°. Our previous work on ta-
moxifen demonstrated that while high NaCl concen-
trations markedly reduced drug partitioning into an-
ionic bilayers, moderate levels, such as 50 mM, still
There-
fore, the ionic strength applied in this study remains

supported detectable electrostatic effects*?.

physiologically relevant and adequate in capturing the
interplay between hydrophobic and electrostatic con-
tributions in venlafaxine-lipid interactions.

In sum, the partitioning of venlafaxine into lipid
bilayers at physiological pH is modulated by both
hydrophobic and electrostatic interactions. In par-
ticular, in the zwitterionic DOPC bilayer, both hy-
drophobic and electrostatic interactions contribute
to the partitioning of venlafaxine, while in the neg-
atively charged DOPG bilayer, electrostatic interac-
tions mainly drive venlafaxine partitioning, with a
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smaller contribution from hydrophobic interactions.
This study provides fundamental insights into the
partitioning behavior of venlafaxine with regard to
zwitterionic and anionic lipid bilayers, highlighting
the distinct contributions of hydrophobic and elec-
trostatic interactions. While our conclusions are
based on partition coefficient analysis under con-
trolled conditions, future work will integrate com-
plementary approaches—including {-potential mea-
surements, ionic strength dependence, and FTIR
spectroscopy—to further elucidate the electrostatic
contributions and the molecular locations of ven-
lafaxine within lipid bilayers.

CONCLUSIONS

This study investigated the interaction between ven-
lafaxine and lipid bilayers comprising zwitterionic
DOPC and negatively charged DOPG using second
derivative spectrophotometry. The findings reveal
that temperature significantly enhances the partition-
ing of venlafaxine into both the DOPC and DOPG
bilayers; furthermore, venlafaxine partitioning aligns
with the classical hydrophobic effect and is sponta-
neous, endothermic, and entropy driven. Venlafaxine
exhibits a pronounced preference for partitioning into
the zwitterionic lipid bilayer compared to the charged
bilayer at all investigated temperatures. Varying the
proportion of the neutral or charged venlafaxine fur-
ther indicates that both electrostatic and hydropho-
bic interactions modulate the partitioning of the drug
into the charged bilayer. These findings provide in-
sights into the molecular interactions between ven-
lafaxine and lipid bilayers, which can aid the design
and optimization of future antidepressants. For ex-
ample, any change in the protonable or hydrophobic
moiety of a drug can alter the membrane partitioning
of the drug via its electrostatic and hydrophobic inter-
actions with the lipid bilayer.

This study was conducted in vitro using model lipid
bilayers composed of a single phospholipid. Further
studies are needed to confirm the findings in more
complex biological systems and clarify the effect of
venlafaxine on membrane dynamics or the influence
of protein transporters on venlafaxine’s translocation
across lipid membranes.

ABBREVIATIONS

SSRI: selective serotonin reuptake inhibitor

SNRI: serotonin and norepinephrine reuptake in-
hibitor

LUV: large unilamellar vesicle

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG: 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
DPPG: 1,2-Dipalmitoyl-sn-glycero-3-
phosphoglycerol
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