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The investigation of the interaction of armodafinil with
membrane lipids by using DPPC model membrane system
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ABSTRACT

Objective: Armodafinil (ARM), the R-enantiomer of
the racemic compound of modafinil, is a central nervous
system (CNS) stimulant and wakefulness-promoting
used in sleep disorders with unknown exact cellular
mechanism. Although it was shown that it does not binds
to enzymes and receptors that regulate sleep/wake
regulation as well as it is very-well distributed in the
body, there is no report evaluating its CNS availability
to the best of our knowledge. Considering that lipid
solubility of a drug directly affects CNS accessibility,
the investigation of ARM how to penetrate into and to
interact with lipids would be beneficial to contribute
to such issue. Related with this, the interaction of
ARM with simplified model membrane system named
(DPPC)
(MLVs) depending on concentrations was

dipalmitoylphosphatidylcholine multilamellar
vesicles

investigated in the present study.

The effects of ARM as a function of
(1-10-20 mol %)
temperature (Tm), enthalpy (AH), cooperativity unit (CU)

Methods:
concentration on main transition
and frequency values of CH2 asymmetric, C=0 symmetric
and PO2- asymmetric stretching of DPPC MLVs were
studied by utilizing differential scanning calorimetry

(DSC) and fourier transform infrared (FT-IR) spectroscopy.

OZET

Amag: Modafinilin rasemik bilesiginin
R-enantiyomeri olan Armodafinil (ARM) tam olarak
bilinmeyen hiicresel etki mekanizmas1 ile uyku

bozukluklarinda kullanilan merkezi sinir sistemi (MSS)
uyarici ve uyanmikligi arttirici bir ajandir. Her ne kadar
ARM’nin uyku/uyaniklik diizenini etkileyen enzimlere ve
reseptorlere baglanmadigr ve viicutta cok iyi dagildig
gosterilse de, bildigimiz kadariyla onun MSS’deki
etkinligini degerlendiren bir ¢calisma bulunmamaktadir.
Bir ilacin lipid ¢ozunirliginiin onun MSS erisilebilirligini
direkt olarak etkiledigi g6z 6niinde bulunduruldugunda
ARM’nin lipidlerin icine nasil niifuz ettigi ve onlarla ne
tarz etkilesmelere girdiginin arastinlmasi bu konuya
faydali katkilar saglayabilir. Bu baglamda, bu ¢alismada
dipalmitoilfosfatidilkolin (DPPC) multilamellar vezikiiler
(MLVs) adli basitlestirilmis model membran sistemi ile

ARM’in konsantrasyona bagli etkilesmeleri arastirildi.

Yontem: ARM’nin DPPC MLV’lerinin ana gecis
sicaklig1 (Tm), entalpi (AH), kooperatiflik birimi (CU) ve
CH, asimetrik, C = O simetrik ve PO,- asimetrik frekans
degerleri lizerine etkileri konsantrasyona bagli (% 1-10-
20 mol) olarak diferansiyel tarama kalorimetresi (DSC)
ve fourier donusimu infrared (FT-IR) spektroskopisi

kullanilarak incelendi.
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All data showed that with the addition
of ARM at all concentrations into pure DPPC MLVs,

Results:
decreased lipid order (acyl chain flexibility), but
increased lipid dynamics (fluidity), glycerol backbone
and hydrogen bonding capacity head groups of lipids in
the gel and liquid crystalline phases. Moreover, it also

caused to shift Tm, AH and CU to lower values.

Conclusion: The corresponding findings revealed
that ARM has high affinity for binding to acyl chains and
hydrophilic parts of phosphatidylcholine lipids. This
was also supported by the obtained differences in the
thermotropic properties of lipids caused by ARM. The
high tendency of ARM to interact with lipids may also
mean that it may also lead to perturb the packing of
membrane lipids. The results provides incorporation
profile of ARM into biological membranes depending on
concentration, which may further contribute to new
drug development against sleep disorders and related

diseases.

Key Words: Darmodafinil, FT-IR spectroscopy, DSC,
drug-lipid interaction, dipalmitoylphosphatidylcholines

Bulgular: Elde edilen tum verilere gore saf DPPC
MLV’lerine ARM eklenmesiyle, lipit diizeninde (acil zincir
esnekligi) azalmaya karsilik lipid dinamigi (akiskanlik),
gliserol omurgasi ve lipid kafa gruplarinin hidrojen
baglama kapasitelerinde sivive kristal fazda artma oldugu
tespit edildi. Ayrica, Tm, AH ve CU parametrelerinin de

daha disiik degerlere kaydigi bulundu.
ARM’nin, fosfatidilkolin

lipidlerinin acil zincirlerine ve hidrofilik kisimlarina

Sonu¢: Tum bulgular,
baglanmak iizere yiiksek afinite gosterdigini ortaya
durum ARM’nin
oldugu

koydu. Bu lipidlerin  termotrofik
farkliliklarla da

desteklendi. ARM’nin lipidlerle yiiksek oranda etkilesime

parametrelerinde neden
girme egilimi onun membran lipidlerinin paketlenmesini
bozmasina da neden olabilecegi anlamina gelebilir. Elde
edilen tim sonuclar ARM’nin biyolojik membranlar ile
ne tarz etkilesmelere girdigi ile ilgili bilgiler sunmakla
birlikte uyku diizensizlikleri ve ilgili hastaliklara kars

yeni ila¢ gelistirme calismalarina katki saglayabilir.

Anahtar Kelimeler: Darmodafinil,FT-IR, DSC, ilag-

lipid etkilesmeleri, dipalmitoilfosfatidilkolin

INTRODUCTION

Sleep disorders are one of the common and serious
diseases affecting the quality of life and activities of
the individual during the day. Several drugs for the
treatment were used and are still being developed
(1-2). Armodafinil (ARM) (Figure 1), marketed under
brand name Nuvigil, is one of the most commonly used
medications for the treatment of these disorders. It
is R-enantiomer of racemic compound of modafinil,
and is a central nervous system (CNS) stimulant and
wakefulness-promoting used in sleep disorders, sleep
apnea, narcolepsy, and circadian rhythm disorders
(3-4). There are limited reports in the literature
related with its action. It was reported to inhibit the
reuptake of dopamine to increase its level in some
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Figure 1. Chemical structure of ARM



brain regions. Moreover, ARM does not act directly or
indirectly as a dopamine receptor agonist.

ARM must cross phospholipid bilayers to reach
their site of action and to act in brain. Related with
this, molecular interactions of ARM with membrane
lipids play an important role in its transport,
distribution, accumulation, efficacy and eventually
CNS availability (5-6). Thus, the affinity of the drug
to lipids can provide useful information for the
understanding of its partition profile into membranes,
and relatively effectiveness. This may further develop
potent drugs for the treatment of sleep disorders
as also suggested for different diseases (7-11).
According to the literature ARM neither binds to nor
inhibits enzymes and receptors that regulate sleep/
wake regulation. Furthermore, unlike drugs that act
by binding proteins, it was shown to be very well
distributed in the body and not to show high affinity
in tissues (12-13). Considering all these ARM may
have higher propensity to interact with membrane
lipids. This may further facilitate its longer half-
life than modafinil (13). However, related with this
issue, there is no study available of ARM-membrane
interactions in the literature at molecular level to
the best of our knowledge. For such research the
utilization of artificial membrane systems is a general
approach since it is difficult to interpret interactions
of drug with certain types of lipids with studies using
whole biological membrane fractions containing
many different types of lipids (7-9,14). Particularly,
(DPPC)
are known as suitable models to mimic membranes

dipalmitoylphosphatidylcholine bilayers
since phosphatidylcholines (PCs) are major lipid
components of eukaryotic membrane systems (7-9).

In the current study, we aimed to investigate
interaction of ARM at different concentrations
with DPPC MLVs in terms of the changes in lipid
thermotropic parameters, order and dynamics and
hydration state of the polar part of lipids. To achieve
this, we used differential scanning calorimetry (DSC)
and Fourier transform infrared (FT-IR) spectroscopy

both of which are widely performed for these kinds of
studies (7-9, 15-21).

MATERIAL and METHOD
Chemicals

ARM[2-[(R)-(diphenylenylmethyl)sulphynil]
acetamid], DPPC and phosphate buffered saline (PBS)
tablets were purchased from Sigma (St. Louis, MO,
USA). All chemicals were obtained from commercial
sources at the highest grade of purity available.

MLVs Preparation

DPPC MLVs in the absence and presence of ARM (1-
10-20 mol %) were prepared by following the previous
reports (7,9,19-21). Shortly, 5 mg DPPC lipids were
dissolved in round bottom glass tubes in chloroform,
under nitrogen flow and vacuum overnight the solvent
were evaporated. Then, thin films of lipids were
obtained and re-suspended in 25 pL PBS buffer, pH
7.4. MLVs were formed by vigorous and low frequency
vortexing the mixture for 30 min at least 150C above
Tm of DPPC lipids. On the other hand, the required
amount of drug was initially placed in tube to produce
drug containing MLVs. The excess of chloroform was
removed by a stream of nitrogen, DPPC in chloroform
was added and MLVs was prepared as described above.
(The light microscopy photograph of MLVs sample is
illustrated in Supplementary Information).

FT-IR Studies and Analysis

All samples placed between calcium florur
windows with 12 pm sample thickness were scanned
by a Perkin Elmer Spectrum 100 FT-IR spectrometer
(Perkin Elmer, Inc., Norwalk, CT, USA) equipped
with a deuterated triglycine sulfate detector. The
interferograms were averaged for 100 scans at 2
cm’ resolution. Spectral acquisition were performed
at 25-60°C and, before each scan the samples were
incubated for 5 min. All experiments were three
times performed. The sample compartment in the
FT-IR spectrometer was continuously purged with dry
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air to prevent water vapor. The spectrum of air was
automatically subtracted by Perkin Elmer Spectrum
One software.

In order to eliminate overlapping effect of the
OH stretching modes (3400-3200 cm and 1800-
1500 cm™") from water molecules in buffer spectrum
at each corresponding temperature was subtracted
by using same program.

For spectral analysis, Perkin Elmer Spectrum One
software was used. Data analysis was performed on
water subtracted sample spectra. The band positions
were measured from the center of weight (0.80 x
peak height positions) and bandwidth value were
calculated as the width at 0.75 x height of the signal
in terms of cm™.

DSC Studies

MLVs were similarly prepared by following the
procedure in FT-IR sample preparation mentioned
above for DSC studies. MLVs suspensions were

encapsulated in sealed standard
aluminum DSC pans. Measurements were performed

using a Shimadzu DSC-60 Calorimeter (Shimadzu

hermetically

Corporation, Tokyo, Japan). Scans were made at
0.5°C/min. Samples were scanned three times to
ensure the reproducibility of the endotherms. Data
were analyzed using TA 60 software provided by
Shimadzu. The temperature at the peak maximum
was defined as the main transition temperature (Tm).
The enthalpy (AH) and cooperativity unit values were
calculated as performed in Turker et al., (2011) (7).

Statistical analysis

The mean of at least three experiments was
plotted and calculated together with the standard
error of mean in the figures and tables. Statistical
significance was assessed using Mann-Whitney U test.
Significant differences were statistically considered
at the level of p<0.05.
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RESULTS

Within the scope of the study, the effects of
different concentrations of ARM on hydration state of
head groups and glycerol backbones, lipid dynamics
(fluidity), lipid acyl chain flexibility (ordering) and
phase behavior properties of DPPC MLVs were studied
by DSC and FT-IR spectroscopy.

In DSC studies, two transitions were exhibited
in 30-50 °C range for pure DPPC MLVs as illustrated
in Figure 2. Two peaks were observed. The first
one is the pre-transition peak representing the
mobility of choline and polar head groups of lipids.
As demonstrated in the figure, addition of ARM
caused abolishment of pre-transition peak. On the
other hand, the second peak attributed to the main
transition of the lipids is relating to the mobility
of the alkyl chains (7,15,16). Detail analysis of DSC
main transition curve is shown in Table 1 representing
the values of Tm, AH and CU values of DPPC MLVs
without and with ARM. Upon analysis, Tm value of
pure DPPC MLVs was obtained as 41.20 °C, which is
accordance with the literature (7,9,15). In addition
to visual observation of DSC curves, as represented
in Table 1, the presence of ARM was found to alter
the main phase transition parameters, particularly, a
reduction in Tm, AH and CU values.

For FT-IR spectral interpretation, the effects of
ARM on frequency values of the CH2 asymmetric
(2925 cm™), C=0 (~1740 cm™) and the PO2- (~1222
cm'') symmetric stretching modes were evaluated in
the range of 25-60 °C. Additionally, the bandwidth
values of the CH2 asymmetric stretching values
were calculated. Figure 3 shows representative FT-IR
spectra of DPPC MLVs in the absence and presence
of ARM at 20 mol% in the liquid crystalline phase (50
°C), in the region of 3050-2800 cm'. As represented in
the figure, the modes in such region was sufficiently
separated after water subtraction. For this reason, any
additional pre-spectral analysis such as deconvolution
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Figure 2. DSC thermograms of DPPC MLVs in the absence and presence of different concentrations of ARM
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Figure 3. Infrared spectra of DPPC MLVs in the absence and the presence of ARM at 55 °C in the 3050-2800 cm™ region. (The spectra

were normalized with respect to the CH2 asymmetric stretching mode at 2925 cm™).
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was not performed. The frequency alterations in the
CH2 asymmetric stretching in addition to pure DPPC
MLVs was represented in Figure 4. As observed from
the figure, ARM caused shifting of the frequency
values of the CH, asymmetric stretching to higher
values in both gel and liquid crystalline phases at
all concentrations. The effects of ARM on dynamics
(fluidity) of DPPC MLVs were studied by measuring
the bandwidth values of the same mode (8-9). Table
1 also demonstrates the changes in the bandwidth
values of all samples at two different temperatures
corresponding to gel and liquid crystalline phases
of DPPC MLVs. According to the table, ARM at all
concentrations (1-10-20 mol %) increased, particularly
significant at high concentrations, bandwidth values
of the mode.

The temperature dependent frequency variations
of C=0 and PO-2 symmetric stretching in the absence

2928 -
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2926 1 mDPPC+1mol%ARM
B DPPC+10mol%ARM
2024 -
~ m DPPC+20mol%ARM
s 2027
9
-
0 2920 -
w s
= !
g 2918 -
L
2916 -
2914
25

Temperature (°C)

and presence of ARM are shown in Figures 5 and 6,
respectively. As illustrated in the figures, ARM was
found to result in a decrease in the frequency both
modes, which may mean that a higher hydrogen
bonding capacity of glycerol backbone and head
groups of DPPC lipids (7,9, 22-23).

DISCUSSION

TARM is expected to interact with membrane
lipids and partition into membrane due to having
low molecular weight, not binding to protein and
not showing affinity in tissues (13). In particular, the
partition coefficient values, measured octanol-water
system, log P at pH 7.4, which is 1.7 (24) assume
its affinity to membrane lipids. But, here, it is worth
mentioning that due to lack of ester and amide

55

Figure 4. The frequency values of the CH2 asymmetric stretching modes of DPPC MLVs in the absence and presence of PTZ in

varying concentrations at 25 and 55°C.
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Figure 5. The frequency values of the C=0 stretching modes of DPPC MLVs in the absence and presence of PTZ in varying concen-
trations at 25 and 55°C.
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Figure 6. The frequency values of the PO, asymmetric stretching modes of DPPC MLVs in the absence and presence of PTZ in
varying concentrations at 25 and 55°C.
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groups naturally present in phospholipids octanol-
water system may not represent behavior of the
drugs in biological membranes. Therefore, the study
of interaction of ARM with membrane lipids obviously
provides contribution for clarification of cooperation
potency of ARM with membranes. Taking this into
consideration, in the current study, the interaction
of ARM at different concentrations with DPPC MLVs
were examined by DSC and FT-IR spectroscopy. DSC is
a tool to study the thermal behavior of lipid bilayers
by measuring thermodynamic parameters (i.e. AH
and Tm) associated with the phase transitions of
lipids. It gives useful information about incorporation
degree of drug into lipids. On the other hand, FT-IR
spectroscopy provides evidences about the effects
of the drugs on lipid dynamics (fluidity), lipid acyl
chain flexibility (ordering), hydration state and phase
behavior properties of lipids. So, both techniques
have been widely used for the investigation of drug-
lipid interactions (15-21, 25-26).

DPPC study
represent spontaneous self-assembly into bilayers
when dispersed in water, which render biological
membranes their basic lamellar structure. Thus,

lipids utilized in the present

they structurally mimic biological membranes (7-
9,22,27). However, it is worthy mentioning that
model membrane preparation procedures have
different critical points that determine membrane
features such as type, shape and behavior. Therefore,
like
temperature, osmolarities and cations should be
taken specific attention for membrane preparation

(28). Among such affects hydration is very important

the parameters lipid amount, hydration,

because the specific interactions in which water
is involved are very crucial for model-membrane
stability (20). Buffer solution provides a highly polar
environment that drives the hydrophobic acyl chains
to form vesicles that are spontaneously formed in
multilamellar arrangement (29). This is energetically
most-favorable arrangement. In particular, MLVs like
in our case, the product of hydration is a large,
MLVs analogous in structure to an onion, with each
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lipid bilayer separated by a water layer. The spacing
between lipid layers is dictated by composition
with poly-hydrating layers being closer together
than highly charged layers which separate based on
electrostatic repulsion. Given significance of water,
if excess water and/or fewer lipids are applied,
lipid molecules cannot be close enough to construct
layer form and the system cannot be settled. This
may result in membrane leakage. If less water and/
or higher lipids is applied, lipids aggregate and
hydration cannot be fulfilled efficiently (30). In sum,
in both cases MLVs are not formed properly. Taking
all these into consideration, for MLVs preparation,
we followed the previous studies that performed
optimized experimental conditions (20-21).

As obtained from DSC results, abolishment of
the pre-transition peak with addition of ARM may
reveal perturbation or extreme broadening of
ripple phase. It is very well known that head group
hydration of lipids plays crucial role in pre-transition
linked to periodic ripples on the membrane surface
(31). Considering this, ARM itself has 1 hydrogen
bond donor and 3 acceptor counts (24). Thus, it is
expected to interact with hydrophilic part of DPPC
lipids. In order to detail whether ARM interacts with
glycerol and head groups of lipids, the frequency
values C=0 and PO-2 symmetric stretching bands
in the scope of FT-IR study were monitored. The
decreased frequency values of both C=0 and PO-2
symmetric stretching with the addition of ARM (1-10-
20 mol%) may imply that the carbonyl groups of the
glycerol backbone and head groups of phospholipids
are favored hydrogen bonding sites for this compound
(7-9,19,23). This may also show that new H bonds are
formed. Such bonding can occur in between the C=0
and the PO-2 groups of DPPC lipids and either with
N-H and O groups of ARM or water molecules rather
than lipids each other. However, it is high probable
that ARM locates along with carbonyl groups and first
C atoms of the acyl chains of PCs, forming bonds with
carbonyl esters and phosphate groups (32). This kind
of interaction of ARM with these groups of lipids may



cause ARM to accumulate surface of the bilayer and
to remain a shield around membrane lipids. With its
impact, the increase in hydrogen bonding capacity
in C=0 and PO-2 groups of DPPC lipids may cause
an increment in the head group volume (33). Thus,
a protective effect on membrane surface can be
created. As reported in the literature, modafinil that
is enantiomer of ARM has neuroprotective effects,
which may be related to its alerting actions (34). To
the best of our knowledge, similar effect has not been
shown for ARM, however; tendency of ARM to cover
surface of the bilayer structure might be one of such
actions same with modafinil’s. On the other hand,
as one of the side effects of ARM, it leads to thirst
and diarrhea (35). This effect may be resulted from
the removal of water from the medium. Instead, ARM
may compete with water to interact with hydrophilic
portion of lipids as also found in the current study.

Such observed changes in hydrophilic parts of
the lipids induced by ARM may further cause some
alterations in main transition parameters such as
broadening of the transition curve, a decrement in
Tm, CU and AH as also found in DSC data (Figure 2
and Table 1) (7-9,15-17). These observations can be
referred partition of ARM molecule into lipids (7-9,15-
17,36-37). As also illustrated in Figure 2, broaden
main transition of DPPC MLVs can be also related with
the lower degree of cooperativity of lipids that shows
a decrement in the number of molecules undergoing
transition simultaneously (7,15-17,36). On the other
hand, decreased Tm value might be indicative of the
strength of the interactions of adjacent lipid molecules
in the bilayer, primarily by the disruption of polar
head group-head group interactions with the presence
of ARM. Moreover, a decrement in AH together with
broadening of transition may imply perturbation of
normal phase transition of DPPC (21,36-37). It may
mean that in such system, the total energy involved
in the transition is lowered because the number of
lipid molecules involved in the temperature-induced
transition is reduced (7,8,15,21,36-37). This may
be resulted from preferentially localization ARM in

outer hydrophobic cooperative zone of the bilayer,
i.e. the region of C,-C, atoms of the acyl chains. Such
localization can be achieved by disturbing van der
Waals interactions between acyl chains, and thereby
a loss of bilayer packing (7,9,36).

By analyzing the frequency changes of the CH,
asymmetric stretching modes we brought more
clarification for whether ARM can localize within the
bilayer or not. And, FT-IR parameters related with
such band revealed that ARM at all concentrations
decreased trans and/or increased gauche conformers
within the system indicating an disordered state (7-
9,19, 23). This data also confirm that in disordered
membrane state lowered Tm and enthalpy values
are expected (36). The destabilizing effect of ARM
reported in the present study may be accepted as
its one of mechanisms in wakefulness promoting.
However, it should be taken into consideration
that the present study was performed on artificial
membrane system. More research on purified brain
cell membranes is needed to further elucidate such
effects.

As mentioned above, precise action mechanisms
of ARM to promote alerting has not been fully
elucidated. One of the possibilities may be that ARM
can act on these proteins. Since membrane proteins
are in highly contact with membrane lipids. Any
alteration in their physical properties and hydrogen
states may further affect their structure and relatively
functions. Obtained corresponding results from the
current study ARM induced variations in acyl chains,
glycerol and head group regions of DPPC lipids. From
this, the interaction of ARM with glycerol backbone
and head groups of lipids may potentially change
structure; relatively function, of peripheral proteins.
Similarly, the localization of ARM within hydrophobic
core of bilayer may also suggest that it may alter
transmembrane segments of integral proteins (38).

As a conclusion, in the current study, with the
aiming to test whether ARM interacts with membrane

lipids, the concentration dependent effects of
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the drug on structure and dynamics of DPPC MLVs
were investigated. The results indicated that with
increasing concentration ARM incorporates into DPPC
MLVs, particularly, localizing within acyl chains of
lipids and affecting their thermotropic properties.
Its binding affinity to hydrophilic parts of lipids was
found to highly correlate with lipid-water partition
and their solubility degree in water. These results are
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